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AERODYNAMIC PRINCIPLES 01 THE DIRECT LUTING- PROPELLER* 

By Martin Schrenk 



SUMMARY 



The purpose of this report is to make the complicated 
processes on the direct-lift propeller amenable to analy- 
sis and observation. This is accomplished by placing the 
physical phenomena, starting with the most elementary proc- 
ess , in the foreground, while limiting the mathematical 
treatment to the most essential in view of the fundamental 
defects of the theorems. Comparison with model experiments 
supplements and corroborates the theoretical results* 



INTRODUCTION 



Among the various rotating airfoil systems ,** the auto- 
giro, in spite of being the most recent arrival in the se- 
ries, has been the first to receive general recognition, 



*"Die aerodynamischen Grundlagen der Tragschraube. ff Z.f.M., 
August 14, 1933, pp. 413-419; August 28, 1933, pp. 449-454; 
and September 14, 19 33 , pp. 473-481. 

**As to the types of rotary airfoil systems, the following 
definitions are used. Any aircraft with rotating airfoils 
for producing lift - in contradistinction to aircraft with 
"fixed" wing systems - falls into this class. At present 
they may be divided into three different cat egori^sl 

l) Auto giro; An aircraft having one or more systems of 
airfoils rotating substantially about a vertical asisj that 
is, the air flows upward through the propeller disk. 

3) Helicopters: Azz aircraft having one or more sets of air- 
foils essentially rotating about a vertical axis but driven 
from the aircraft; that is, the air passes downward through 
the propeller disk. 

3) Cyclogiro (name coined by Dr. Hohrbach) : An aircraft 
having substantially a system of airfoils rotating about 
a horizontal axis, which can be made to rotate freely in 
the reiatiye wind or be driven from the aircraft. 

\ 
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thanks to the successful research of Juan de la Gierva* 
But the development of simple' arid practical readily appli*- 
cahle;;f^e|tti-f |q-pf inciples i has npt rkept ; ;S;tep fikhrf^ 
least in publicly accessible form)* 

Admittedly, Glauert (reference 1) and Lock (reference 
2) evolved a very detailed mathematical theory in 1926~27; 
and Lock and Townend (reference 3), published in 1928 the 
results of elaborate experiments on a model autogiro. But 
these reports, invaluable as they are, fail to establish a 
connection % betwe§»; theory j. and, model test •/ - In its particu** 
la,r rf oxm r the theory -is - muqli "too : ;Un??i@.l&y for practical, -ap- 
plipationi • the . me^ni|ig pi v /the ; assux&p^ ; : , 

,;is ... dif f icult, ■bp -0 urvey $ - $^#^mp4# %* ezp er imont, s ar e ijlrpit ed 
to one, execution .a^ad the -theory - does noib.^p§rmit . f^e ; 4ppl.i** 
c^t ion oi -it s data to r.any ;othea? f orm* - l: . • » - .., v 

$he rpu?pose : of < the. present ; report> is 0 tp: rempve Jshese - 
objectionable features. The road thereto leads through a 
very much reduced mathematical treatment which reveals the 
physical aspect much bott ory thap .attained heretofore* Ow- 
ing to the complexity of the air flow composed of tip and 
forward speed, together with the flapping motion of the 
bjpdos of* it s pif * , the prpoes^os »■ on* t&e : aut ogi;ro ar, e-: Such 
that : : no pi esir - e o&e op t i gn- : ca»-. bo- p &t ftin eg. unless the; mp#t /; 
elementary basip notipn^v/are^put ; forward,; f ir^t .and then. 
the effect of the additional processes is superimposed af- 
terward. ' f 

" ihere "are two methods of analyzing the ! autogiro '(an41 5, - B 
ogous to driving propellers): one , • referring' -to the "proo*- 
Bssfg at the individual blade; the other, comprising the"' 
total' flow* 'The latter may be based on the:Frandtl 
foil theory and yields the ' induct ion' losses* But the for- 
mer gives— after more accurate., consideration ~ tibdm 
the th*ust thd flapping mot ion and; its^ effects and * 
tor suitable amplification' -an. inferior limit value for 
'the ^icial flow loss i • • 

:TS$<>n comparlfon with model experiments, it is tiiefl... 
fofcnd that: no. rational a#re.era.ent. - is.' po ss ibl# • tiiii#4#^ 
assuaiptAon held heretofore and employed without^ proof by 
the British research workers, relative tbv the-.f prm;-am(| lo^ 
cation of the: induced field of f lo*, : is discardedJ in -favor 
of ^anpth&ar N &dmi1>te4ly' ^hly' empirically definable as sump*.- 
t ioa for the^presehti Then- it become sv-possibl©:: to^vcompute 
an autogirp: f #ota : the; corr-ect prof ile drag coefficients of: 
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tho WadoB, in contrast to the conjectured increment <m* 
ployed hoyotofar#f which is diametrically opposed to the 
mathematical accuracy of tho theory # 

lastly, a single relation is de^^ed in semi- empiri- 
cal manner, for the residual loss produced by the unsym~ 
metrical ai* f low 'on either side of the principal plane. 
The representation of these three loss " E ^Sft ■ ^^3ssn tff 
lift/drag r.a'tlo proportions, yields a profound insight in- 
to the effect of tho individual design quantities and gives 
the designer a yardstick for evaluating the effect of his 
methods and the attainable limit** 

A complemental section briefly discusses divers refine* 
ments, strength prohlems,- and the phenomena at high angles 
of attacks v ; . -.; 

|ro^at,iop, 



Other than the symbols proposed by the subcommittee 
of the FALU and published in Z.J.M, (Zeitschrift fur tflug- 
technik und Motorluf tschif fahrt), no, 22, 1932, the follow- 
ing are employed, 

Dimeksi.bnB' of bladeis: ' '* •■; ; " ;; 

Ty : >disk area of autogiro, * 

B, radius of autogiro, 

r, rad-ius of blade element, 

t, chord of blade, 

m, weight of blade per unit length, 

j, inofctia moment* of: blade about hinge ♦ 

z % number of blades* 

a, surface density, or solidity ratio (*§rj> witl1 
t n claord at r = B. 
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Forces: 

L, air force (general). 

Si ttri|t (repliant force) of auto giro, 
j, tang fntikl force ( in plane of propelld*), 
M> moment of 
Hoi moment of S. 



k Q i thrust coefficient 
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g s , resultant force coefficient,* ( — ^) (identical 
to . c r on airplane wing). fi. 1 

Motion: 

u, tip speed (at r = H) • 

V&, axial velocity (due to permeability of auto giro). 

f, induced deflection velocity at the locus of the pro** 
peller • 

c, resultant air-flow velocity at "blade element (c x and 
Cy components). 

(Ot rotational speed* 

X, tip- speed ratio ^SfifiJ*^ 

X d , coefficient of axial flow 

Angles: 

a. angle of attack of normal plane. 

*lu propeller theory Cg is the load factor, hut since it 
assumes here the role of the resultant force coefficient 
at the airfoil, it is called such, to differentiate it from 
the thrust coefficient k Q . 
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An'gies < cobtd. ) i ' '" ' - ^' V-^-Vv;, •>••. : 

"blade angle (incidence of Tolade^ element to nprmal 
plane) • *' : ' ' ' 

cp, angle of flow at' "blade relative to normal plane* 

^, turning angle of "blade (zero position aft)* 

'P', 1 flapping angle (relative to normal plane). 

Constant - values: . ' ' **. 

coefficient of flow. 

K 9 coefficient of no. nun if ormity loss* 

Y, comparative factor for dynamic similitude 

\ J > 

111 1, geometrical constants* 

P j 

Subscripts • 

p , "blade profile (c a p* &p» c p^* 

- . d, axial flow (v^, a&, £<i) • 

i, induced (a^, 

.n, nd^nif oirjnity (c u ) . 

THE AUT0R0TATI1\FG WINDMILL 



Eyerypody remembers the toy windmill of his childhood, 
the original autorotating windmill* It is well to consider 
for a moment the process involved* Figure 1 illustrates a 
hlade element t dr of an autogiro, which ..is o^ly tq re*- 
volve at • distance r atput the axis ' of rotation* There 
"being no -input nor output in this elementary winimili, ^lie 
resultant fo?0o d S as well as the velocity of axial flow 
v^ th^N-glx t!ie hormal piano is at r iglit angles to • i%> The 
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maixnfjw $n $$i$&r £#pm&B- tm. i&M^^l •••«i?oup»t^:0f^ : -Vg 
for "the time /being, disregarded, , • 

% .Shen ? f^g^tre l- revip^lS:- 1 ; : 7 - C r 

1: ^- v r \. f.;--.-"d % ;* .-'.J "I 1 ?/";; -V 

tan cp = -7- = A d = 7— r~ 

or 



V d - *p 

The axial flow coefficient % ~ — = xs bjr ixaliure' 

u 

identical with tip # speed, ratio . ; Ar^ ^ and "becomes bo much 
smaller as the lif t/drag r<at to,. of t^@. profile, is "beper*- 

How, how must the "blade be set to , insure/ the^highest 
possible thrust under any given axial velocity v^? 



It is 

d S ~ I e ap 3 u t dr = | c ap ^ t dr 



P * P v d S 



(11,2) 



In other words, with constant • .-.v^ < th e thfust depends 
on the well-known profile characteristic (criterion of 

climb) e a 3 /cw s . m r: 

The angle of attack of the profile a- (which de- 
fines the lift of the prof ••ile^rg is -compose®;, according to 
figure 1, of the angle of flow <p ( = X^) and the fixed 
blade incidence Thus ( II ,1) gives 

■ /; ;/ ' '. V : - £p. ^ -op & ^ , : * ?- : . .:<-ri,3) 

#i^h. norma..! "blade incidence,: angle ftp 'Is soleljjr -depend** - 
ent .upon This ;meap; that the r choice W r T>ia-de Vhgl ; e; ; 

£ with - gly est. p r 0 £;ile the : is&me * ime e ahl^feh-e^s the; ' 1 ; 
lift co : af f lAientv. e a p, which .the- rotat-ing blfefie-; nia-.intaiis; 
duiring: s t^ady ,at t i tudc . independent ' of- the loadings' ' ' " 1 



Squat ion (II, 3) lends itself very readily to graphic 
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represent.^i^.,(figrr.2) * r By .plotting c p : ia -decrees of 
angle against • - Op and ^ the Op-axis , the s traight line 
drawn from the end of & with 45-deg2jee . sjope gives all 
steady and accelerated attitudes possible with this "blade 
angle* The elementary windmill is accelerated at all an- 
gles "between points 1 and 2; at point 1 it has its steady, 
stable turning attitude, "beyond point 2 it is quickly de- 
celerated* ' • ' ' ' " * ■ ■ ' . 

This decrease of revolution upon exceeding a stated 
operating angle of the "blade ts typical of the autorota~ 
tion. The process is analogous to the concept of spin- 
ning insofar as the rotation in "both cases must "be initio 
ated "by an outside impulse; ,bmt for £he rest, it is unlike 
the other, since there * is' no ahgie r of attack "beyond the 
maximum lift on the autorotating elementary windmill. 

• • : She • ^Ut Qgiro -of c o&st ant -axial velocity* In pass ing 
f^om-the element ¥q the whole propeller v /. we must/ firrfe •de- 
termine .the form and thereby, the flow ep^dit ions • * v B^t ^iii- 

# st;eard--of . choosing the h^bitual : :r eqtaftgular blade ;fp^m an| 
coordinating arbitrarily a certain distribution of the a&~ 

-ial velocity, we attempt tq find a form with possibly $%mr 
pie - distribution -.0$ lif t. :cpef f icient and axial veloeilby. 
Since, according- te .the.;f pregoing> . the quality pf the rre- 
s/a^tant thrust is cent ingextt *upen the express ion - ;. 

~ z > that is, on c ap , it is advisable to choose c ap = 

£wp .. r ........... - - . • - . . • ■; .. .. - .;; 

ctm? ta^fev Vttainabje when;, v&. ? - is * known by twisting the v: f 
indivictual / blade -: elements with . respe ct to : each -other*; .• 1* 
is^also ^desirable . to have v^= ; constant : fpr reasons of } 
mathematical simplicity. This grading with given total 
quantity of axial flow per second corresponds , moreover, 
to - a niintiMm'of^ logs* V ; <: K. ■. 

;Xfilst dgarding the boundary effects the autorotating- 
pj^ppillet - may then 'be considered' as ■ a - stream section 
through; which the - aitr -passos with the positive pressure 
«• S'/iV Obviously ■ the flow resistance in this soetipn ro- - 
•solves itself according- to the proportion of the thrust 
pr oMced - iit Vthe ■ -pert inent • po int ; . t&e res is tanei- atiM through 
it , the speed are constant aeross ' the whole section, even: 
with uniform thrust gradihgv •- The result is therefore the 
same simple thrust grading as with the axial theory of the 
propeller*-'' v • - :• ■■ *>>i .vO ^ . ■ • w^.«* 
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Outwardly, however, a uniform thrust grading across 
the g&etion meant-t imcT&$>»i&g; thrush ^loading. . of 

a iUe ;;V i f xidividtiai * : "blades &d>) ..' : . 

: . .; :!.••;•/■., j;.;r>/:;-; r ;• ... ' . ". >: - , [ 

1 "This, grading lis .xq^^in^^lf^.^ c a ~ c<)rista^t** > 
choosing chord t conformably 'to ' ; 

; ; ; . ; \ --• ■*> : •• ' _ • ' — 

Th§ii ;: v ' ■ ■ ' ' * v r :><;•.'. - ' \ 
~f * i ;,: i •■- - ? * . ■ : ;. - - d S • w 3 *. '> ' ^ ... - -/ • . ■ 

a ... ..■ ,. — : v . a. r " ' . " . .• . . : :\ 

'Admittedly, this equation leads to- forms "for which..,; 
the "blade chord increases to o° on the axis; "besides , the 
bl4de Wangles* deviate so much'.f rom the propeller plane in 
^the T vicinity of "the axis, that c« is no longer dec is i ve 
•for ' the locally produced thrust (cos cp ; is no longeriry- l) , 
bin the other hand, the proportion of the blade, near the:';.: 
--huh to the thrust produced ; is so small (not exceeding .2 to 
^3- percent for a propeller • ■• of. figure 3), as to "be safely ; 
neglected, especially* as the axial flow in the propeller 
center is* apart from that* disturbed hy the more or.. Less 
large hub* ' r • is'jf.ii , 

The decrement" of the thrust at the boundary : can also 
be summarily disregarded for, as seen directly, the flow 
coefficient of the-' air passing through is unusually- low; 
the individual propeller- surfaces thus, follow; ea^hi\p^jber. 
very closely. 

' ••■'g.hm.s.t.-.jand axial flow coefficient ,~ In contrast to 
the elementary autogirp, the resultant air force Ii; (fig* 
4) on the different parts of the blade of the steadily 
aut^Q^ptat ing propeller is now no long er perpendicular to 
the plane of rotation,, but slopes forward in the direotion 
of;- -rotation at the inside elements and backward , at : ; the out- 
side- elements » Thus, -those on the inside act in. a prp^e,!- 
lent manner, those on the outside, are propelled;* spmer 
.jiBfJae^B between, lies a blade portion which still corresponds 
.to the simple elementary concept ion. 



r; . In the most important- p<art of the blade the angle 
(cp ~ Cp) (fig, 4) is apparently of the order of v ,€p si 
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that is, very, small, s.o that <p remains small also. In ,, 
consequence, the small thrust component of the profile [' 
drag (d lp sin q>) can he disregarded and the thrust ele- 
ment "be expressed with 

d S = d A cos 9 = I c^p v res ? t d x cos 9 
tfith cos 9 i^ 'we ;th@3i-havi© V- ? r-v >• 

p -.. • • ' ' ■ ■ • ;■■ • 

, 4 s = 3 fap yS * & r 

According to the pr eeeding- chapter, the wing chord 
at point r is 

^. t - t E | (11,4) 

(•;,;•; a .; * - ■■■ : • • -• 

and the thrust of z "blades 

R D 

( •,;;:; S - zj d 3 = z -| - e ap; ^ E 3 t R . 

a-u r.V ;/2 R tj/ = G f . '■ ,(,11,5) 

wher ein .sorlidity , that: , . the rat io of the z rec~ 

t"angle;s of minimum chord; times radius to* propeller disk 
area: -: 3V Th^. the. thrust is; * 

S = I a c ap u 2 F = | k s u 3 J (11,6) 



wh^ere: the thrust coeYf^icient referred to ti|> speed is 

*s = ~ g 2 * (11,7) 

• Since, according ;t;0 ( I I , * c ap ( a p ) with given ■ 1 
hiade form is a constant value ''Independent of the load, 
k s is Jaiso' simply a fiuxrctlon * of the ""blade form, 

.. She &£ial f Iqw . m ef f ic • : 'M • f'oliows • from the : <*v&* 
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ditlpn that no . f ree *JK>mexit occurs with the autorptat ing>_ 
propeller, Wiih the 'notations of figure 4, the comjon'ent^ 
of . the. tangent la&. £h?ce Is. V " 



d 37 = A sin 9 - d I p cos 



r " 2 Ua siB 9 " cwp oos 

The division of the "brackets hy cos ? 9 and hy cos 9 == 1 
together with equation (II ,4)*, yields v , a .'-v^T? 

4 I = I r « s E t H d* @ - <%p) ( II , 8) 



J.) 



while f (ll f 5) gives the moment at 



E o 

M = z J r d JD = I E u 3 J ^ ~ Z (11,9) 



m = z 

0 

and hy putting == 0, 



X d-.§, £ p.. * , (11,10) 



This formula states that the outside l/3. f , of the. pro**-, 
p.ell^y is driven "by the Inside 2/3* When plotting this' 
tbrmuia (10) conformahly to figu±e ; 2\ the angle of attack 
a referred to a stated incidence $ can he ohtained, for 
th'e'^gpl-e^teSl pro-fdl©; * But* the values^' do hb^ apply to ;*ex~*' 
t r erne' radius ? E,"' hut to point r = ' : figure- 5 shows ' 

the values for the Got ting en airfoil 429, 

;=;r Axial v^ocijby jga,'*^ Ifow, formulas (11,6) and (II, 10) 
would yield the axial velocity v.& . as function of sur- 
face loading S/f , the surface density a and the aero- 
dynamic ehaSacteriStieV' r But we prefer to follow a differ- 
ent route which hrings the physical aspect of the axial 
velocity into "better relief # r * 

From a glance at figure *4, it hecomes apparent that 
the components of the lifting forces against the profile 
drag;.rii^int^i&- th£ autoro tat ion; Without, -this- drag the ro- 
ta t ipn .. woul d incy eja s e : . : a ? r h.i t rar ily « . • Hp w- ; th e, ppjr er* ; n ec e s s&- 
ry £0 overcome . the J >p,rof lie- drag mu.s.t -.-hp |>ro.dujpe.d^ §pm v ehow.;;- 
it is supplied hy the quantity of air v& f passing 
th^pugh * t|x.e> s e : c.t v 4on,,g er V) £ econd;- at : pos it ^vjgvpr eg-s^r-.e r? 
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at ' 



' ' formula ( II , 9 ) g Ivqs 4hb* moment of the . profile d^ai 



- * r 



and the power of the profile drag at 

-.> ' , , . 

u p 



■H p = M p » = -f— = a Cwp 113 

Inserting v^ from (ll,10) and equat ing the whole to 
the power S v d of the passing air, gives: 

" :' n p = rrp a r 2 ~ f v d 3 = s ^ 

•• ■ • lfar -•- c wp 
Whence the axial velocity: 



-vr,-,.; : •./..: pa ^; 

'Buft; i&$'&f " 8 ij&ply a kihd of axial flaw formula: ; ♦ 
with ; . axial.- flow coeff icient : - 

i * — ~Mz — : (ii,i3) 

r 3 

2 a 

c wp • 



The aut p^o tat ing propeller ( ca3a be consider ed as a cir* 
Qiilqfr stream sect icyn; a kind of :, diaphragin, through ^hich 
the air passes at pressure S/lV 'But owi^g to the resist** 
ance existing in the section only the ^foid* toass v^ass^s 
through rather than the mass p v 4 f per second, corre- 



.^aat .-lee r- -'the V'rder.^of. nia.gnltude.. q.£" ; .ranges' betw.een. 
'£ = 0 * l£ ' and 0 • v - ^. • ...^ 



power by the propeller while revolving, the smaller £ %$ f 
and the more "dense" the propeller. Formula ( II, 12) shows 
that the profile charac^erlstii> -s els mj- limits for 
c ap 3 / °wp s J practical reasons prevent arbitrary enlarge- 
ment of a . 



Lastly, the tip speed is phtained from (II, 11) and 

(11,10) at ~ ,. c . : -r: , : v ., ^, 



i> ,.. . .*-.■ j t .11. cl >•;.••? . . ;■ v -» - 1 ... v 

,.,.,.„..,...,.. w^'m^i.m: ., in > in . > 

The greater a- c ap ' is ;; the^-. smaller- £ (11,12) is, the 
more "dense" the propeller, hut. so much!* lower the tip 
speed, 

AUT0GIE0 OF LOW TIP- SPEED RATIO 



How we shall see' :t:0" what extent the just evolved for- 
mulas for the auto rotating propeller may he utilized on 
the autogiro in level flight, 

Meoha^^^^t: kifctu ~; :M£t th^t Is., r«;.;f <orc e tvm$m&rse 
to the air flow, is always the result of stream deflection. 
At. the locus of the lif i- \geheratri3C in the usual cases 
wherein it can he represented hy'oite single lifting vor- 
tex, this deflection has precisely reached one half of its 
final amount. The latter is readily . computed .far ; unif.arm 
distrihution from the lift, or,' more rigorously , v * fr^m the 
resultant air load L. Prandtl's airfoil theory gives 
'the angle of Aef.l0-ctlp.jt;.;;tt3[ ,: . . of the flow at the locus of 
the wing at - 

s in a 4 (w cuf =* ■= —i— * ~& 1? ( 1 1 1,1) 

v ff f v 2 h 2 ff * 

wherein ; - ./.is the -deflect ion o^^onexit : qf ..the: f rbhe 
4 ; 0.cu$: -of : t.he -lift generate!* ;;ly$ng;i% { the, direct ion r : p.f i, 
■and c E :^d/-.ff^t^icift»t v^:v <; 9 : „ . . \i ;* j c. 

Thus far the analysis, has ho en equally applicable to 
a. £ i^ed^wing ay st em h $ '.Ai'x&'o% 1 if t ipg ' prop ell er ,' as ,¥.Q.l£. - * 
as to any ^iher lift-producing mechahxsm> But .the' setting 
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with .$£gle a± Ages. not. generally suffice to produce air 
load' |i * 

On the fixe'd ftliig* for instance, the profile- must fur- 
ther he rotated through the prof lie setting angle (Xp» to 

insure the necessary circulation for L. Its amount is com- 
^puted from the lift curve, wlt.ii, slope dc a /dap, . whoso thpo~ 
r^tieal- value is 2w; owing to boundary layer losses ' : 
^-Cap/dap drops to from 5. 5 to 5.9, according t o the Beyii** 
olds::, lumber . 

,:,:>■'■.■,!■ These fact s;are of. themselves well known. " . .. They are 
•merely 4 repeated >e^e r: .as a, reniixid.^^ incidental to; the tran- 
sition to the lifting propeller. 

-One :can no longer speak of .a prof ij..e , sett ing angle for 
the lifting propeller as whole as with; the f ixe4~wing 
System, he cause the process of lift production occurs at 
the individual blade elements.. But . its place * is ..taken by 
another additional angle, the angle of/ flow' [a& (fig. 6). 

'Auto giro t ip- speed - ratio approachi3ig 2ero.~ When on 
the auto giro exposed at small angle to the air stream (fig* 
6), the air forces are applied at the individual blade* 
the": Symmetry in magnitude and direction of the resultant 
flow at the advancing and retreating blade leads to quite 
complicated formulas so long as the air-stream velocity is 
of the same order of magnitude as the tangential velocity. 
One 'is. then tempted to strike, out inconvenient terms dur- 
ing the calculation, without fully realizing the effect of 
such-procedure - a danger which G-lauert (reference l) like~ 
wise did not avoid. 

On the other hand, the matter becomes immediately 
more, simplified and amenable/ to survey when limited to the 
at'titude of very low t ip- speed, rat io: 

• ■ X ^.X^cos^a. . . , (111,2) 

or , ' ih •other ^brds , -by assuming the forward speed v cos a 
as very feidall -c^i^a^d to ti^- speed ' ;u. v Then the effect 
of v cos a on tM -ilada £orcis .is aitigatoi aad the tanr- 
gential velocity r 0) is the sole criterion in first ap- 
^r<xxii3Qation.* In this manner . tSe symmetry of the flow on 



*Mathemat ically this is equivalent in broad outlines to an 
omission of (v cos a) 2 ih the squared sum ■ (r W £ 4 cos 
a) 2 , which then becomes r 2 co^ . 
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the lifting propeller is reestablished and the appr6x4xoa^ 
tion then yields the same formula as for the autorotating 
propeller . in -axial' flow : (see s ect ion" The Autorotating Wind- 
tjaill,; 11 p#ge 5) 9 which can he employed . forthwith^ **:•<;.; 

^. s /"\-. ( Wjb^JKus apply, the picture , of. the slightly permeable 
circular disfc on which 'the air, because of, the. s/j 1 pres- 
sure ".flows &t . va, through the propeller disk in order to 
maintaiih autorotation/ tb * the case of oblique air stream 
also* The aforementioned flow angle oca is tli en found', 
according to figure 6, from the forward velocity v cos a 
an'd'*' the axi^i' velopity " y;^ as' temporarily assumed constant 
figure for the whole circular surface precisely as the an- 
gle of deflection a±* * ■ 

J . fheory of tkyust" p f the 11 i deal" autog ir 0 In connec- 
tipsi wi^ an i rl ideal" lifting propeller is a 

propeller with its "tipr spBed ratio approaching zero; that 
is , ;of hlgjh rotative sp.eed "Which, in addition, as the re- 
sult of suitable design' shape manif e'sts constant" axial ve- 
locity across .the entire, section (lancet shage) * This can 
.be readily e^p^ of. the resultant 

f orpe po ef f icipnt . • ■ 

; T \ : >i". -;— — . V ' (III » 3 > 

\/V " ~V ; \\ \^ ■ v;' ;: *v: 

~in V; terms of •anglB "o^'a-tt'k'dk*- with the simple 1 assumption 'that 
; tho -tofe at right aiigle t l b 'the plane of 

: rotation, : iVe/, In 'diro'-ct ion' of th.e- ; axis -of rotation.' 

According to figure 6* 

sin &:*rn^-A**. -s :■+ , (111,4) 

Under the temporarily ladeepted assumption (as made by 
Glauert (reference l) and Lock (reference 2) ) , that the in- 
duced flow at the* iScus -of the wing ia ^p.i'aa© *aftft -ha* t<h.e 
inclinatlpn- % (.11 1 ,l) -Jmowzx from PrandiaVs theory of. the 
lifting vortex, equation. (1 1:1, 3) yield&r 

. . ■ . .. .. cixi,5) 

mit'h ( 11,12) , we. k^ire .£ iirtk-eir ] 

(111,6) 
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and finally, with (ill ,4) * 

; ; v >- sin a ~ + t J~qZ cm ,?) 



' " /This is the desired connect ion. lor: the ; ^g.e/f ill^ 
in which "one may put * bos cp -1, .tre £%n&*. . : ■,;.>/'■*;■ /;.-•/'; 

. . ' " <Xi - ~| and a d k " I V^T "'f^ ;jJ\ClII*8) 

According to this the inducti on l osses increase with 
c S ) the axial flow looses "with : We- shall come hack 

to this later* / : - •>" ,••>•;•«;<-; 

■\ Lastly, forimilja ( 111,7) gives, after resolving the 
squared equation in 7. ^/".Cgi. the r^sultaht force coeffi- 
cient • . . ; ; • 

c g 4 (/^T^i^ ~ & * ! (111,9 ) 



After the remark made incidental to (11,8) , 
S 

- • ■ , , „■ . , > — here also "because r of the symmetry of the 

• flow* In practice,, this means that with given form of ro- 
tating "blade, the tip speed is only dependent on surface 
loading and air density (as is 'the case in close approxi- 
mation on actually "built autogiros) • 

Oo mp ari son with model experiments .~ The only model- 
experiments which "by nature and scope are acceptable for 
comparison with the theory, are those of Lock and Town end 
(reference 3). The part of the tests referred to here' 
pertains to model "blades of 1*80 m ( 6 ft.) diameter, of 
wood,- constant chord of 136 mm (5.36 in,), without twist, 
equivalent to a surface density of a ~ 0 # 19^ The, model 
, was tested up to approximately 20 °* angle of attack; no-high- 
er angles were poisiWe. iii the Duplex wind tunnel of 3,1 by 



*The geometrical aspect of. a is not the same, for the lan- 
cet as for the rectangular Made. Only the relation with 
the blade chord at the tip is the same in hQ.th oases. 
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4,2 m (7 "by 14 ft t ) section without in$?Qpx$ln& $m$pn& 
errors* At a tip speed of around 65* m/s (145 mi,/hrV), the 
profile characterist icon .the ^particular raditts 2/3 R jf is 
in" fait accord with, tixe normal characteristic of the Got~ 
tinge^ profile measurements. The shape was the symmetri- 
cal. (Jotting en section 439* of 0,10 thickness ratio, modi- 
fied' to' W : "1fcHi;ofce-^- ; t-jfeili , ag' edge'*- so that |he &3hag f in- 
ures are perhaps a' Httle higher -than in the G-ottiftgeii 
measurements. But in spite of these minor limitations, th& 
meas^r^nient s are well suited for comparison with the theo- 
ry. 

Of course, it is not summarily possible to effect such 
cfc^ lancet-shaped' plan of orm used heretofore 

: in; .Aire, anal jra is . \. At, .what value shall. we- gut. £? 

So we first assume the formula expressed in ( 111,7) 
and- ri:l J -fee* :1b e: tr^te , ;i • e;. , th^t; /tjiis ; equat ion; .int erpr et s 
the^X:O.rmr0fe ;:th^\ c. s (a) curve correctly.; This, assumption 
is legitimate "because the nonunif ormity of the air flow 
disregarded in the derivation, while heing ahle to affect 
$h,0; ;#iirect ion, camfot ,~ howSYer, inf liaence .>he amount of the 
resultant thrust S very substantially. 

Thereof ore- We *<S ! "et : eiriAi^ae "by trial or inserticJh of an ex- 
periw^tal ,yal3ie r .. ( „the,- ! coef f icient o.f axial .air . flow £ at- 
which' the' theoi-etlcal" curve is in closest' agreement with 1 
the test points, Figure 7 shows the result for Made an- 
-\g&.& ..■ #r=ol,0^v^v ,?Ehe; mcdel was^. measured atf : t^Jjtd?^; angl^ for: 
th^ .Mlader s (a = G,.19) . and th.e S-blader.- ($ r :h 
au*tog;ir;Q-, . .The graph. -shows that; t : he trend off- , tlfre : cu^y-q, v as- 
well as the theoretically stipulated relation: lx d~Z.r is : 
fulfilled for £ ( II, 12) . Moreover, this accord holds not 
onl^y :for iojw lip^- sjieed ..ratio : (great e s ;> v; Tbiu/t? . to r the 

highest X Recorded (\>'=s 0,5 t:0;,0v6.) /VvV/v ■ V. -:> - 

• fxom- this- - one- .is Jl.-ed- to inf er \;that- .ciert.ain ■.premis-.es' , 
set:, up -.in .the preceding r section have ^ee^ vccrnfirmed. In . 
factl^ loci:, arid- T.0^cn^ud ; ; :(,.r.ef erenc,e 3.): exclude: ffcom .the.- ex- 
aotriex-trapol&t.xAn- for. varying Made ;.nu,m*bers t : hat ..the .as- 
-•C.-sumptaoja". r.elat ive to the inclination- .-and the : sioa<if;0.thnes s 
7-iof;: vth& = irL&a'cad field ,of f I'ow .is : .correct., . see 

hereinafter, to what extent this actually hoi 

' JMX :^we "^iailiive :£h& .co^d/tions* tff f 't$6y ani forces 

of th<r^ ; yy'f ' • 

*The British text gives hereto, c Q » 2 L Y ^/l + e 2 . 
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Thru st and coefficient of flow of autogiro with rec^ r 
tangular blade*~ The. characteristics of the propeller with 
rectangular blade are: 

t == constant and # ^ constant 

But owing to the changeability of tip speed and axial veloc- 
ity along the radius, the angle of the air stream 9 (fig* 
1) , and through it Op and c a p are no longer constant* 

As concerns the axial velocity . v^.* it may he said.;as 
before, that it will he constant- when the thrust is evenly 
'graded* In rea-lity, however* this* occurs only when & - 0, 
"because then 

Op = $ ~ constant , 

that is, the lift increases as a result in inverse ratio 
to the .radius* As./£.; incre&sesy the outside thrust rises 
faster than on the inside; that is, the flow at the pro- 
file is more strongly deflected on the outside and the 
axxal velocity is thereby reduced against that on the in-* 
side. Ho prediction can he made about the actual trencL 'of 
v^ = f(r) without including the mutual interference, and 
such calculations would. exceed the bounds, of this report J 
Although this abstract -uricertainty was one of the very 
reasons which le:d to the propeller of constant axial ve- 
locity used at the beignning of the report* 

Oh the oth^r hand, ih order' to t>e able to make anjr 
prediction what soever , about the r ec f angular bl a dp, some^ 
plausible assumption is necessary, and 'so we assume with 
&Xaue (ref erence l) that v^ is cdnstant value* - - : — 

Then the thrust equation is as before 



d S = - e ar > r 3 0) s t dr. 
2 a P 

Herein . 

c ap ~ 0 1 ap ®p 

■ , ■. . , •• Va 

\ : cu = ^ + :cp.= $ + -.-a. , . 

- ^ ■ ru) • 

consequently, • 
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ap (' r 



* + 



4 ) 

go / 



(111,10) 



which, with (J 1,5) gives the thrust of z "blades at 

**** ^t S V| c'ap a u 8 f {| + (111,11) 

.-Atx) r; . o'.-I' 2 v3 _ < 



The coefficient of flow is again computed from .the con*- 
: ¥0i£ that- c "' M 0 • It is ' ... ;: '! 



and 



.51 



M 



z /- r d $ ~ 5- a E u 3 I 
o * 



1 



3 c ' ap * + 2 ^ ~. a P . " 4 



- i c. 



t III ,13) 



With f' "M ; =. ,0 ,'■ ' one obtains the equation of definition for the 
•coe"!l!'f.iiiDie'nt of axial flow 



"a 2 • 16 



SB. = o 



ap 



G-lauert (reference l) obtains the same formula by reducing 
the .general equations (A great) from mathematical ^ea- 
BO-sas^: hut wherein the physical meaning of this reduction,: | 
isi^ot forthwith recognizable. Then he .puts cl ap : - '6.,' .al- 
though it should he c 1 ap ~ 5*6 for the ambit of the model 
exiD er iment s • f h en 



(111,15) 



low c W p should not he summarily assumed to have a c-anr? ; ; 
stant value, he cause e a p ranges 5 through all possible 
values across the radius, and c W p is definitely not in- 
dependent of c a , especially on-- symmetrical profiles. 
Even though the outcarhalf of the blade defines thrust and 
torque prepo.nde.rat ely , and c WT> still remains sensibly, 
constant, we nevertheless, introduce, for purposes of more 



exact investigation, a parabolic relationship 
of the form 
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" e wlv~ c wp 0 + 111 °ap 2 . , 

and write it in (ill, 12) for the tangential force* The el* 
ementary , alheit somewhat tedious, calculation leads, af- 
ter inbou^ o£ defini- 
tion ;•*•' , . /* » 

X + - X^ 5- ( 1 - m c f ar) ) - v 7"r™^7"7 — T 1=8 0 

d 3 . , ,, 2 Q, f ,apv \ 1- ja c f a py 

of, with " c f a p = 5. 6', " t.q 



/ / ' c^p +31.4 m * 

^ 1 M * a „rt / a« 4- o ft ™~ ~ £ (111,16) 

Xd .^ U^5o-6, m) £ : + $?B ... (l 5V g m) 3 '- ! ' 

Compariso n of rectangular- "blade propeller with the 
mo del exp ex imen t s : » - From these deduced relations for S 
and Xp the connection "between c s and cc could he es- 

tahiished' an ' the ^same wi^ as pteyiously f or the "ideal" 
prqpel%ezv., .hut 4he eri-su&ng fptwala would he rathe.r compli- 
cated 'for a theory of thre* first' order. Tor this reason 
we shall proceed in a diffd^ent direction %liich, 'at the 
sane time "brings out th,e connection between the two "blade 
forms* 

' ' ' 'The p-urpose' of 'the Investigation is to ascertain the 
p^ofaLe- : drag coefficient f 02* the rectangular "blade propyl- 
ler -iff sta^t^d aim^nsidns* which corresponds to a definite 
figure of merit, .according.- to figure 7. The .conception, of 
"equivalent lifting propeller yields the desired connec- 
tion. ' "S^uiYal^t^^ 'ohvioiisly means:' equal axial velocity 
•at vemial * positlve' - pressure, that is,' * v& and < S/f are • 
equal* But - it does not signify the same X.<j> -he cause the 
rotative speed may he alt ogether^dlf ferent' "by £<iual petfme- 
ahility, according to the hlade form. 

* • ' • .. ; , f V^ 

..W3.th (II, 6) and l%Il>, 11) , in conjunction with u ~ ^ 



we write: 



Y d S P . . _ v<f 



ft + 



The left-hand side is for the lancet "blade, the right-hand 
side for the rectangular "blade. In accord with the assump- 
tion, 8s fi &&d V& are equal and cancel out, but G and 
X& are not equal. X4 and e Y must he suhst ituted on 
the left-hand side, according to (II, 10). Then 
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2. 



or 



(111,17) 



' "■ Th : ig equation gives ' 5 a s . fun c t ion of 0 , c^p , & and 
X<i for- the rectangular- "blade propeller t'&d from \equa~ 
tion (111,15) or else X* = f (£")• 

The '"evaluation of parabolic prof lie/, drag poiars. is 
best effected 'by -defining . * A^' with, assumed' values of ' 
Cy 7 y o i --^nir,M -.f zpm ^(J II, 16) , followed by insertion in 

Cm,. if);' ' ;. • : '' **' • - — "■■ - * 

£h£ 'nui&^fieal -interpret at loit:' i'e 'based ••on the 4-blade 
model with > ^ l.&V which gave : £ « •■.0.178,. (fig* 7), 
With this figure, equation (ill, 17 and 14) gives the, con- 
stant ..profile drag coefficient 

• . y •• ;■ - , ^j.l;:;:; ; 100 c; ¥p = : i , &s:i.. 

$ ut *■ the :a:»tfcipa-tM figure : :ti;e,s at iVO'i , a;btfording to the 
pb'l&r 'of: /the:- o£ i-JL e ; '^qt tinged % f igV having- re- 
£a-ivd to \ the .thickened. _tV£it£ng\ ^"d^eV ."The models with 
"small er ; : ^ jnanif^st a ; s T t ill Kighe ; r c^pV • • V 

How , on e coul 3. : assume . that 'Che .xn'cr ^men t of* prof il e 
drag with reduced radius be 'responsible i ftif tlAs iisci?ep^ 
ancy , > ; --Tflfe -btodt i? ^Wx-Il s. is' -correct , : .can. bg t: seen when^com- 

bining (III, 16) and (111,17) « * £y suitable <&oi£$ : ;o£ m we 
obtain, for £ = 0*178* for instance, the prof lie poiars 
100 c wp - 1 •:?".;+ 2«4; : c^, shown in figure 8. .So the dis- 
crepancy of c wt5 *' cannot be explained in this manner, at 
least.* , 



*ie e.nlarge.' .&a^uer\^s^ rule / 'of thumt) fortola.. • c^p, : (refer- 
ence 1) by 50 .percent,* can hardly" be considered . an- *e:xp'edi- 

ent • ^ ' • ' : *• ' '>* ■; •• • 



H.JJ.GviU iwMical Um^^m^m So* «730 



21 



The situation is therefore, ag follows? The visualize 



As soon as the forward speed v cos a ceases to "be 
small against the speed r ti) of the outer "blade elements 
#xtl£n the circle of rotation, the blad& thrust on either 
side of the- median plane of- the autogiro differs consider- 
ably -*'a&d induces a rolling moment which increases as the 
tip^speed ratio* The incipient rotation about this axis 
fu*t4ti9* ^aff^-Seftr-fif^ long as the blades -are fixed at the 
hub^^a .pitching moment as a result \6£ gyroscopic coupling* 



La Cierva had some experience with these disagreeable' 
and dangerous moments in his first flight tests in 1922 
('ref ei3&c0^4) , and' that gave him^tlie ■ idea of hinging the 
blades** ^This has pfoved- : st> s^tisf adtary/ that almogt all 
autogiros: built ' since have hinged blades. For this reason. 
We shall limit the investigation to this delight especial-" 
ly since it can be proved th^t the case of a variable 
- blade angle is : identical- with it as' soon as the axes are 
correctly chosen, ' • 

The hinged autogira obtains its rigidity simply through 
the centrifugal' forces of the blades. Because- of the equi?- 
M*brium>of thrust and centrifugal force, the blades form 
when revolving a 'flat coning envelope, The/unsymmetry o-f 
the air "forces affects- th^'sliape and position of this cone, 
and this in turn *m0dif i^s ;: the spatial angl 6 of air stream 
of the blades* 



*fut tlaerjS ar^:Ather methods 'of ;eq^ali^ing the effects of 
unequal .lift between the advancing and |ie\reb4to§ blade 
as, "for instance, shown in the til ford gyroplane (reference 
5) v * built according to the patents of * W. Sieseler • The op- 
posite blades on either eid'e :&re * rigidly* connected "together , 
but % f See t & ■ - f ^ a tli a^out an -axis- sub st'ant'ially coincident 
with the longitudinal axis of the blades themselves* *' : 




'j **; \:o ■ ■ : 



Sovfor: the present, we analyze' the lifting propeller 
of large" tip-speed ratio and the 'phenomena of "flapping 
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f r^;rul^ f ftfw o ..f J $ 1 c A WP 6^#4 r- 0:0.&&i t io«t $ s.i * ,*■ i s iiSpos- 
•f > : t 0 - 0 9 e$ p& ^Qu$ ; >a|m ~wi f h$uk ^ §f I § ci&ng * c 03? t aih s iirrpli^ ^ 

Autogiro with very he^^::l^X^40a#^ 1% : %h § <: $r © c e s gt,#f 
just indicated the motion of the "blades ahout their root 

-tl^e/pia^ ■> rotation is,- - of 

co^&e- r q£ : %>rima£y ; viE^ the unequal •••air. .: 

flow. This is the so-called "flapping motion*" It is ; not 
appreeiahly affected hy the "coning motion" so long as the 
generating ;;eoning angle;/ ^oa:^; ^^ ;;dif f esf^apprecia 
90 . In actual practice the difference is from 3 to 10 * 
It is ohvious that at first its effect on the calculation 
should he neglected* .. . - u ■ 

^y^ /iliisv can . he achieved hy ^visualizing: ( ref ereiice rdj ji 'th*e 
jfi^a4aa; v ..as "being encum.here.d, ; with very much weight,- so- that 
the Wentrifugal force heq-ome.s great compared to the: aero** 
d^^ic f orce* These heavy "blades are not to he subject*- " 
to g^vity f * : Under the effect of an asially symmetrical - : 
^a4r.;stxfaam -such a "blade jwill move; in the plane: perpendic- 
ular to the axis of rotation; its coning angle will he 
^egligihly small,.- , . :r 

is soon as periodically changing forces ."begin to act 
on , such a system characterized "by weight and -directional 
force, .it results in oscillations. Liehe.rs ( reference 6), 
JLia his investigation on propeller vibrations , proved that ' 
the natural, frequency of a propeller with hinged "blades is 
exactly equal to the revolution when the hinges lie on the 
axis of rotation. And since this is so in nearly every 
case, we shall assume it also in the following* 

, . , The hlade oscillates at its natural frequency >when 
"the .exciting force likewise has. the. frequency of the . rev- 
olution s as , in fact,, is the case withv the ■ thrust 'forces. ' 
jJ^geA, from their connection with the; angle of rotation, -' 
't^^.'might he of the nature of harmonies. , / '■ 

Then the situation is as f ollows: ... . The hlades . lying , 
on the principal plane, i» e« * in flight direct i.QA. ?; . manir * v - 
fest- -equal; mean ; aerodynami.c 'ToVcV^ ; f or fQ&ko%&l o'f ,"sym^ier- ... 
t':iry#- : ;; T^MVanciiig hlade $odg . ,iVc r feasliif $ h : r#i# up-- 



r * Thi s Jimi tat ion is necess;a*?y jb e caup^; ■. o f - the ^hanging^mag- 
' nitud,e v anA distribution , of - the^aerodypasaic - forces on* th£ 
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war dly;. -this flapping mat^an is damped "bjr the ensuing aa^ 
gle-of-atiaclc decrease, ' and! heeomes tlms cdjaapat^lle to tile 
additional force, that is, highest in pitching, The eppo*- 
sit'e applies to the retreating "blade. ¥e therefore may 
expect the individual blade to move sensibly in a plane 
f ificlinod ^elaftiv^ ^or-th^ Original plane of rotation,, axxd 
^spo&if ickl^yy r undo£- %ho- ^fetahlishod assumptions ai>out the 
'az^'Df inching- ( f "igV-/ 9 )V- •< '••> '"":"< • ''V 1 

Equation of flapping motion,- The ma themat ical analy- 
sis of this generalized motion is largely based on G-lau- 
er¥ ^ref dreihce-l)* and -Iiock (reference 2) , hut with the 
f ol-lbwing ; •^i^li$ying :; -assdmptdoW: The hlade ("bending- 
rr%0d|S ta^t apd., , s* : r^ i ght ) : , , is , e r venly .loaded .with, mass m per 
unit length. Then the dynamic equiiihrium of the moments 
jahout- t feijig^. ^ach aiigula^ tladjo sotting in flap- 
ping motion is 

"" ■/ r.A^S - /. m :'r. 0) 2 .p.'? dr. + J m. r 3 \~"rr ?Lr (IV a) 

; .;0 • / ; ; i } : ;. .. . . :. 0; ,. .. a . ■ \ . . . .... 

'Moment of thrust « ^ment of" c entr if ugalv force +• mass 
moment of inert : ia. *-'- : • : * • ■ ' i: 

By integr&ting tKe >ight-han"d >&i&0i %%e moment of 
thrust (J = inertia moment of a 'hlade about the hinge axis) 
becomes: * v ; ': v ..*;•'•'*.-:' - • 

l : V"'r.l:.'j-^ ;. " -Ur&V 

Then. /the flapping motion of the Male, is- .expanded- as a 
.Icnsrie^ )se3?:ies- in. *.f.: - . •...}' 

p- p 0 - Pi cos (f ■ — -Pa cos 2 (t - ts)- . . K 

7 X sin (\jr - <p x ) - 7 2 sin 2 '(^ - ~ ^ . 

; ;TT? ; ; ■ ; ( 17,3) 

This general equation of the flapping motion can he 
materially simplified hy applying the previously cited " 
physical approximation. To begin with,' we retain only 
first harmonics and so reduce the spatial flapping motion 
to* ; a 5 "simple plane motl6.sU Since, ih addition; the later- 
al inclination of the plane of rotation is neglected, i.e., 
^ is computed f roni the resir point 'of the symmetry,' the 
formula reduces to 

P ~ Po ~ W : co S f ( It , 4) 
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fliis '^'%i^Ut%«n ia (II?; 2) , : wherehy |£ -.CO . ' Then: 



Mf^l-W .harmonic : . f lapping; mot io : n, ; the. ;mpm«nt of . ■ ^rp.st 
.at-, the; -blade /is^ ^h^ref or e constant;,-; Indej)e^d.^itf 
gle of rotation. It is equal %p the (constani)" moment,-, -of 
tile centrifugal forces set up as a result of the "coning 

•m&t:io^J l ;.7 ' r ; .'-A :/ u K.i. ~ . . , -i/; ; \ , ••/■ S 

... :¥ifch; .heavy blades * *£• 9 plane ;mpt i;qn, .'as, v we s^alA; J 
as^.ua^ th^mv.;: ,p 0 --— ^'0 :(fig< 9},* -Then r . disap^ar.f; 

•^Isd', comp^fWtf wi^th' ;tfoe other moment s; ad ting on <<tU4 ■ folate . 

■ "' : IJ-oW M s ' must "be expressed as -* function df the' thmsA, 

, IT el o cities a^d aerodynamic f orc e s at the Jplade er As in 

the section ^lAutogirb Sf^Low Tip- Speed Ratio" , ; p ; age 12, the 
air stream (with respeet to the plane at right angle to the 
axis. o^.^ot^tlO-riy 7 o,C . s t,he .aut.ogir.o at angle . a : ^Repre- 
sented "by its components (fig. \9.\x- ..." 

~ v; ; ; SorwaRd ; spa^d, . v.. cos a = \ u, . . 

Axial velocity, v& = u. 



H} i he -forward speed in /the ^normal plane is resolved f or each 

finto its components along and perpendicular to the blade 
fig. 10) which, together with the rotary motion, give the 
ox -and Cy - : ' -ooiaponent s of the speed c relative to: the ; 
hlado element at right angle to the "blade axis (cy *vl*i£s 
on the plane through the axis of rotation), according to 
figure -11 dnd with "p : ^-pi cos '-' at .\ :-'>v : 

?x<t & :cp =r r : +;vX..u sin.^ ; 

-Sy> c sin 9 - u + Pi X 11 cos 2 ^ - r |f j (IV, 6) 

Apropos ■■ p,i~%u ;.cos^l . -;is ,the opponent of j T^u-cos .a)/ 

(f ig*c IQj -in direction of the "blade axis^ \ and .^r : f#r the 

;p0R|)endlc\±iar . y eld city prdd-aced"' "by ; the flapping" : mdtibA ? : 
* .• ' 'A.6pQ r ding " W t J YV i) •• and figure*, 9 : ; ^ 1 ;f; v 

, . r ... , || - Pi.u) sin v (IV, 7) 
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It can "be shown that the effect of this flapp img mo* 
tion is identical with a hla&e-.angle change through. 

* • V ;• A & pi siai-f , : 

when substituting fdr-'tiVe "flapping" * a- ^ fixed 1 ' propeller 
whose axis of rd^atioh Relative- to *He f irst;' is' inclined 
at Pi to the raaT;;^ Tkil- is' r-o^ily ap^are&t ft om fig- 
ure 9. Lock (reference 2) gives elaborate proof, deduces 
all formulas for "bo th< cases ,Va3ii proves 'liheir identity* 

' ••'Then- we- put; a^%efork\ ' ^ ' " " : "" 

// * : '' v ;' ' . ' c ap ; ~ &p : ; : ' ■;' *• / ;. ^; 

sb t&e* tlirUst ■ element' at the iDjade^ pf Softsiant chord, ' t 
becomes 

p - . \ P 

( - t , V T > ^ S - e, 1 ap: : fr : dr Op c r . .r 

Again 

Op =? cp + £ ' 

at constant blade angle 4; consequentiy , 

; . : : f - , ; . % , e s = v (cjr + # > - a s ;, . : 

or with ( IT, 6) , wherein sin «p ■== "<p"(c v = c cp) and cos <p 

j i ;i tc x ^.c); ' ; , ' . . . v . v / , v , 

'" ocJ q* : = ox &y + * . 
Thus the-* thrust component "becomes 

v d-:;S^ | c* ap t dr (c x c y + * c 3 ) (17,8) 

The component; of ^the tangent ial force is assessed in simi*- 

/• lar ;;manner : v *• 

d T * t' dr. (c wp . c^ r c'ap * % c y ~ cl ap c y** (1^,9) 
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Flap ping angle , thrust , and coef f icient, of axial 

flow.*- iho subsequent stage of the -analysis is explained 
on the very pimple calculation of the flapping angle @x« 
It*, jfche : f'ormuia-. ( IV, 5) for the' ; thrust -moment of the flapping 
rmi^^:^^^^^^sB Mg as sine: series; stopping - as for 

aftceri the. first periodic .torau 1 . Then 
EOO:? i-:'*.vv . £ :;. ;\ v 'u- :* : v • • • 

3 .uO.;Vi .;. :i T 0 w. Ti; sin * ^ =*, .to' 3 - 5 s - ' 

Since there are no periodic terms- at" the right-hand 
side, the coefficient of sin if at the left, must "become' 
null. And p x is therefore obtained "by writing the inte- 
gral for M s from (IV, 1) with the aid of (IV, 6,7, and 8) 
and p^t.ting;. tjxe. .sum of the terms with sin equal to zero 
after * Integrating., The result is: 

H ~ 2 (ha. + • I ^ £i (IV, 10) 

1 - g~ 



Siaiilarly , the total thrust is: 



(IV, 11) 



and the coefficient of axial flow (by putting the mo- 

ment = 0) from the sensibly symmetrical formula is 



(1 + X ) = 

2 ■ c ' ap 



• 1 + | -y?s.- 8 • v 
- 1 - 2 X 1 - 



1 X s 



1 - .2 ^ :■ 1 ** 2 X 



• UvVi : 2) 



These are Lock* s formulas. 



Co mpa rison, with, model, experiments. ~ This time the 
comparison is made unlike that in the section "The Auto- 
rotating Windmill", page 5. The test data for k s * in 



*I'rom Lq after extrapolation: 

k s = 2 LQ /l + € 3 . 
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ermit k the cal eulat ion 
same time tenders the 



reference 3 and the corresponding X values (fig* 12) are 
written In; t&fe;' spnre\rftat 'modified /thrust formula (IV, 11) t 

\ d - 'J% i f !^',|; V (IV, 

acl ap 3 V \ 2 / 

whcref rom ' • Kg;- is defined This -p 
o f c wp f torn ( IV; 12) < #nil at : t iie 

comparison independent of . the induced f low, as explained, 
elsewhere in ..this' report ) . • = 

The. data shown: in f igure. 13 are act ' r.e^lljjr*- 'latjb^?6t*- 
able, especially as concerns c wp* fo he sure, there at** 
rbady/is a rather* rational ' 1 apptfbximat i'di to the anticipate 
ecT amount' - at low X (high ct) , hut ; the steep rise at ; 1:6 w" a 
should, if it were real, he followed- 1)y : a rise of -^.-'ftr 
reasons of energy requirement ( equation IV, 15) • The oppo~ 
site' is the case; 

r Aside from, the values employe d'- hereto we also . meas- 
toed the flapping angles, i.e.., the T/hole flapping nip tion 
wal' recorded with a small mirror attached ait' the "blade-* - ; 
ro : 6tV The first thing noticed was tjxat the actual : hlade;; 
motion differs very little from a simple harmonic^ 
tion and that the lateral inclination of the planfe <yf 
tation disregarded so far (the terms with sin if)* is van- 
ishingly small* Of course, this close agreement is valid 
only for this particular model, whose massive wooden 
hlades are dynamically unlike to actual design. Lock (ref- 
erence 2) expresses the relation of aerodynamic force and 

centrifugal force hy a nondimensional factor, 

« 

| cV a p t K* 

. :: v 7 . I IV ,14) 



•*• iuccording to his data on actually hp.il t a/utogiros, 
this; r^ang^es; between 6 and 10, whereas the model shows ; 
t 9fs » ,;&. . r Eexice his hlades are three to five times heavier 
' than at full** scale* They strongly approach the ideal of 
the "heavy" . .blade, on which the calculations of this chap- 
ter"; 'are ha sod* 

To he sure, as soon as the computed amounts of flap- 
ping angle pi compared with the measured values (fig* 
14) the accord ceases. The computed j3x are only about 
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(ttitn&M of ^tbs-itiea^u3?ed although the trend of the 

qif^dlTIis :»>t^l ! ^faty^^b9 ' r 8-am0{ and a discrepancy as 
large as that cannot "be explained away "by inaccuracy in 
calculation or experiment • , 

Sl.t!) .: : : ; ; * 'r 

Or it icism of the assu mp tions »~ The very fact of such 
a discrepancy in flapping angle Pi. - goes to show that the 
t^ni^»ffi®m:&n% a"b6ut the. T£kade hinge producing the 'flawing 
mo^Sois- -could won have been correctly conceived* The mf-i** 
•..o^i^inat e s • in the fact t&ai tho air strikes tfr©- xqr-j 
Creating" "blade partly from the .front- and partly fromv-thfe 
rear, thus producing angles of attack up to 180° along the 
; ^ i l^ r c|L,Q.» •> Obviously, the ag;sump.t ions c f a£ - ^ co^ivStan^; and 
(R- constant itfau- :no linger give even; an- 'app^o-ximat eliy- 

%lstttrtf', ' l ; h that V; eas^i^' >y virtue df^Wo' p^atjtic^lty 
ccm&g'&e ^^ak'down of : thV f l*ow across fhe^Whole ^ade 1 , 
fV '- ; o ■'■ . ""■ - • — : * ' •''■ ! '" * ■ 

r;: v.:;^'.- olni order" So. £ain- some- idea of the mag-hitud'e #:;tb.e ; 
error, we comprited the thrust of a "blade £t'nd' ±%& niamd^Jt' r 
about the hinge, axis for a[t = 270° , first according to 
Vf^mulfe; :( I ?y8 ) -th&n with" the actual prof il^'bo^fff^bient s 
<J:&t tlng^dn: a If f oil 42 9 ) . • *.(«B^caus e o f th:6' .'rabidly 'cha'n'gH; 
ing. ;aif- £ p&yr ^cond-it'ibne^ the latter c-an> *<y# >edurse ; !: 'also' n ' 
hava^nsade^ only as approximate 0*^ :; -'-'Thtf' 'result- is*^lbt~ 
v;tea:.Vin' figure :15, in 'form^o'f^'a -thrurs;t ps^ff€^ : i/mii'' 9 ' 

v.- •• '■ :>"-*' . ■■■:'■:»'-.:':'.»*;*;"; .1 a ^ - ■■ " '• - v v 

; 7 .tT't d r >u 2 - v ^ 

:and .a^momon*..:co^ff icietet '• ' /y^'p'^ 

ferns " | 

The difference (shaded portion) represents the margin of 

' fa » y ; . . w , , . ^ , , 

♦Lock (reference S) himself states: "Finally, it may he 
worthwhile to, t/ at.^empt . tO; : nieet ; the criticism, that^. i t n the 
anal^l jL|'; V. ; z£ si t yu6",|u^ \ |',s oipct oBt on they Tb&s,i© • the- ;, ;i 
a^sy^ib^;;^ c;| ap a.,.; and- ^c^- congliant^ , 

wh^ch^S; t;9f vh : e^y^ .^oy it ^t^^ear^ . . i " 

. ( *^iot^ r a| proof;r^dij^gi/>5Fp;03i - cl^o^.er oxam;ihationV^iti : is - \ 
found 'that the unsteadiness effects are numerib^ll^. 0f 4, *&d 
g r eat c o ivs e quon c e • 
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-the competed oyejr the-, actual moment , exceeding the lattpr 
$y more thith #0 f e#cetxti : ' 

How, since according to the "basic lav/ ( IT, 5) of the 
fl^pp;ing> ! 3ti^il^j&ii- the thrust moment shall remain constant 
during ^offr$$.Gni while on the other hand, the actual mo- 
ment- at jf 270° ; •, is much lower than the computed moment , 
the moment on the opposite side (\{f = 90 ) , computed cpr*- 
rectly "because.; the Op remain small there* must' he re~ '•' 
,&ticed "by an identical amount • That is/ the blade miist - 
here intensify . its upward motion dp/ dt to insure 
profile angle of .attack, Por reasons of. symmetry the; pe^ 
treating "blade follows, this mot ion in inverse liirect^hj i 
but, operating as it v does in practically separated a"t 
tude throughouV there is scarcely any chaigO; in t^psf ' |)f 
moment* Consequently, it is the advancing "blade whiph 
produces all or nearly all of this difference, and thd$ 
supplies the explanation for the discrepancy between the" 
actually measured and the comput ed angles , £U • 

It is; hardly' possihlo to express the actual he^ayi^r 
of the profile analytically Tby any relatively simple; fe^ 
mula« Graphical pepresontat ion with due' allowance f o f*' ;th o 
measured 1 profile/ coof f iciont's yields 'g en orally ^ 'appl.icahU'ip 
results hut only at gro&t expense, of time and iatoT;.'/\f^$i:S 
there remains one alternative, &nd that is, to'hring ' thr 
.mathematical integration data into relation with the w in- 
'togral values^, measured on the whole rotating wing# Then, 
we obtain' with' j^he data; of figure ; 14, the apprbximation;^ 

Px eff - a Px = 2 a (\ d + § *) — (17,15) 

wherein a * 1 # 5 . for . £ ~ 0, a « 1,4 fox $ - 1*8° • 
The ' enumerator a obviou'sly varies very little with the. 
"different blade angles, "but may perhaps* iseyoyy e^nBitiyf 
to' ^changes in profile or -characteristic*. , Tlie *ise .in flap- 
ping angle must "be so much greater as the lif t/ curv.e' is 
pooret and .the maximum lift of the profile is* lakex**^ ' . 

(The thrust of the individual "blade at ; $ ^ 2iO q 
also a little lower than computed; owing tcr the acceler- 
ated flapping Jnpt ion, it will equally bo a, little l.ower 

' f * J*Q°> But opposed >o this i.B^ ah ihejteiabnt o£ ,bp.o. 
thruist; ^uota of 1 : tho blades" lying "Ih flight ^Irsction 'if - 
0 0 a#il 180 ) , for thefo the spatial air stream anglds be- 
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#0&^ greater Pi* The ul- 

timate predominating effect , howeyer, can "be decided only 
hy elaborate graphical invest igat ions* 

On the tangential forcd* and its moment (fig* 16), 
tJam; difference in trenft. and amount is especially qon^ f '* 
. ^pi-cmouis^ The prof ound^ impelling moment appearing in the 
^l-culation at t 23 270- does not exist at all in real- 
ity^ This explains, why, when evaluating the. test data 
according to ( IT, 12 .and 13) , . c W p shows such a . marked in- 
crease as X increases without a contemporary rise of X& 
t'ifi^; • 13) • The rotating power of- the hlade lift, greatly 
overestimated in the calculation of this part of the path, 
yields the apparent energy which must he equalized again 
Ijy c^ drag. In reality, c wp 

sholil-d not increase materially nor should ■ X& decrease 
substantially* • 

The rc'sult of' those investigations is" the knowledge 
that the mathematical analysis of the processes on the 
&u to giro of high .tip-speed ratio is confined within com- 
paratively narrow limit.s, which are due to the difficul- 
ty of reproducing the 'a.ir force coefficients of the "blade 
profile analytically correct and of accurately appreciat- 
ing the flow phenomena involved at the "blade* 

Iia the following .section it is shown that the hither- 
to accepted considerations themselves are in need of cor- 
rection as regards their fundamental physical concepts* 

THE IHDTJCED FIELD Of FLOW A1TD ITS EFFECTS 

The airfoil of large chord*- In all considerations 
thus far the induced flow had "been' assumed Vat half the fi- 
nal deflection, in .accord with Grlauert and Lock (as do- 
tailed on page 14, on u Theory of thrust of the ideal auto- 
giro." But, can this hypothesis which, according to 
PrandtlVs airfoil theory, is limited to the simple lift*- 
ing vortex, actually still ho considered here as satis- 
factory approach? ' 

And experiment is here also more convincing than all 
dolihera^iOQs* ;;'Tho validity of the concept of lifting 

* Actual" kt '* ( c/u) "(cap sth cp - c^rp)'* : With c wp 0.012 
to CXp = 15 , then kt ~ 0 (resultant at right angle to 
chords* 
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Y$$$bx* f or : the airfoil of usual 1 if t/drag rat io . is eorro'br 
o rpf i^y^ jbhe fact that the 1 if t increas e^oiinearly ^ *ith 

( . ; thi; f M|le\Vof attack and; : \upon conversion ; t o ; :^if f er^nt: a-s*?; 

\p^|| -fllit) j» accordance -with Prandtl*s f ©rmula, mahifefts 
;^6^St^it. ' dc a p/ dap , which is possiT)!^-. P£ly/:wfe.en;: the:-; 

"f i^|dXp|^f low is 2-dimensional. How, ::Oxperim^nt s^&ith '.= 
vor^j||i4c35 a,irfoils, particularly new A&oric&n soctions 
(reference 7), among which is an airfoil of circul&t plan 
form and similar prof ile ( Clark Y) (see fig, 17), disclose 
f : c>:p de<?r easing slendern^ss ' rat io , an increasing curvature 
6:J. ^ the ; : iif t ; curve which;" Compared to the straight ^inea - ;- 
chained .according to the s iinple v.fchoory of the lift ing^;* ^ 
vortex, -fall off continuously . i4 r. - ■■>.. 

'C'onsidor, for example,, . the process on the circular ■ 
airfoil/ Visualize the 'airfoil ...divided into separate, t. 
traiisv'erso ' strips; . that ii, transformed, as it were'; . into' 
a multiplane with wings spaced closely "behind one another -. 
The air flowing off from the most forward partial wing is 
..ad:ready sligihtly deflected. h,e : cause of the lift production,.* 
\ f% strikes the -aecohd/^ing^h^ ide at a slightly smaller 
* ; an g 1 e . : than i h e> ;;f r e.e. f low i ng a i r . to the right and left of 
it.. . Consequently," the flpF-.withln range of the second 
wing' is already/somewhat^ curved,- The process contihuesV^ 
oyer the . c|hb.rd "and '/^TbducejB^tJiiPOugh the progr essively^ih-; 
cr'ea : s ingi, , 'y et -consist fent ly . . dimini shing , def 1 e ct ion ;an" 
symia-at'r leal ^cllrya ti^x'e ^n chord direction also, The^ field 
of,, fl'^ spatially- curved, a kind oT " sad- 

dlb . B-1irf^cpV^I '[ < " ; . • ' : \ \;:"] [[ . • 

It can he inferred therefrom that the rear portion 
of the wi^Lg,, particularly at low -angles of attack, is. unr ; 
dor- k. ^mailer effective angle of -attack: than with plane 

fio^.; : ' \ : ;■; : ' - ' • v • : . 

% " The' trend of the moment curve (fig. -17:) f hea^s ■ ' 

out, ^hef moment abpiit the focus ( referred-; %o} : a; ; * ! m&am* ': 
prof illr at 'lateral distance 4R/3tt from the center). is, i;i 
at low lift, substantially less than for the s lender., re c^ 
tangul^j* wing; (A , 6). The foremost >.p« -position: is 
~ 28 .percent from the leading edge for the eif cu^ft Jawing";:'; 
and ^.39 percent for the rectangular wing with th^D.Skme^.; 
c a (^ Qf 4 5), The lift of -the circular wing i s the^^f 6rc 
suhstantially closer to the leading- edge, which^'mSy f.l&o '/ - : ; : :t 
viowed ds an effect of the cited asymmetrical curycituro 
of 'th^ flow in chord direction. - {Mo shall not gQ into the 
peotfiiar stable behavior of- the moment at 'higher;: c a . } :i ' 
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,,5W.e, the 'g^lrf oi^. .p;£ ; IjeurgjB. q^kqrd has ,.&ot "beep, 
mat&q^ anal-^z,^ . £xty&a&ei)itaXly : , t the .prior 

ce^u^o, will prota^ly, !,f p.llo.w t^' suppQ^t of, the jiescrihecL 
^&c#a$,*' Xa-oii of. thes.q pa;rtijalX^ he re*- 

■piaQie4 %. system of ! trail^g the velocity 

f iel*<i 'induced ;t her of r om c : oi34^id^ But, as "-the oiroulaiipn 
of tfVery r; ozi r e of - ! these part tall/^^^^iri; W affected fey 
ali:'^'he r ";ptheTs^^ calculi iion? '-VqttlHi :Wcbme' [ex^emely* 
c^xtpi jfca^eJd.V * ;V" * "i : \ ' \ ,; .. v " ^ ! ? " '.: : ' ' ' 

; / the -d'irect 'lif^li^^opelier is eveir 

lei's ho^^fii^. SierBas - ,; with 5 "•tite'' f x^ed^wiiig, th!e- dirlsiqir 
into ^d^i^ate reot ili^^rl'y Tiq^de^ ,s^rijte ; with ^dtfsta^t ; : 
dc a /da seems still possible, -"this : ^tVip ; method 'vrvvild ^*e x 
im^qs ? sihle to ..apply to ; tlie rfttat^i wing-; . dc a /doc would 
chan^'f^ /t.o *ji&"n0& ' Ai . inve it igatiqn o|„ , t 

th44 call 'for dtft 'of . jgvq$px^^ 

t ioii . to' the gain der"tve<3; f rpm.,. it .; S^ii?^ ^"siciltahle ap~ ' v , 
proii^a^lbn .must suffice*.' .1''" X : \\ " ' 

'. ' T& pi 7 !;sdhs t ituUe 1 ^ aoxt ogirci.^ S ince; ie >Ms : i topsq/huii'dr: 
* ihg. 1^ : w^'jmist ' Tier 

gin , with" .the ...int egrai ^ i*a f ;"^ ; with' . the v #3^^r:£iKeii qh .the' \'£ 
whole mqdel and^then draW : ''c0tici^'8^'onC.' a . ,P^t q^.iA r i». : Adr. 
m i ,i t ed±y : such ' stimnia.ry pr c bli^r e ..aftb r is ' only; " summary ,;r©~ 
guXt '" : ;Biii;;.'a jfi'.(gtlio : 'd : "*^iiiq3i ^r eider's t)ie ,grqcess'es at \lfist"' 
co^rrect "as "td ; ! 1^ "aXwAyk ^prOf e£*Cbl;S t C ;WHiPh is . ; 
: pat en;tly^ _ wx'b *4g • Ev,en : '^f it "does nbt 'cqmpi 0Ql% ai^wei' : :.;'.. ( 
the demands of ? physicai' "exactness,* it ribver/thel^ 
the engineer some foundation upon which he cari 1 hasO Siig" 
analysis with some measure, of „ eqnf idencq. .. . 

Ihd '^process; of f reasoning .is ;4g;XqilQwfe: .'SM s rEl.^ 
lifting propeller is Replaced hy a v ' sutistitut 6 pro^elfe^ : ' 
without flapping motion, whose field of flow is readily' ' 
completed.; it inclines .at , aa to . the normal ,pl^ne*. . Th e 
diff erence hetweesi the.j!m0aiixredy angl^ of attach . a anA 
the • tfeus ..defined is, the induced . inclMa^ion^ a%./'Q$ r '[ 

tiiq":f low* " . /' . : V ; [ ; r']^ - J ;;;; * ., 

,.\ ; "JJqw r wha;t dpes the suhst itut^ ^r^p.'€i'.llqK . iqp.S: JLiPk*^ ,'. t 
course > it ; .shq.ul.d ? tave thp . sam^^shape^as the "?eai one. ? 
iji;:prde.i 'to make- the triansition posgihier hut Relative 'tq 
its fioti qqniitipns, it shpuld Qorr esppnd: to.^t^ 
prppql j;e^ .with /^p^ s^eed z&ro , ^4escrl^?.d 
, in tJi^ ■^eptibn ^Auto^gire bx ' .Jib w'""' Sp ^.E^ t ift 1 !. *• ", .'p.as e X^> 
that # ig , ' it ; ',sApuld T?p v .jktaci-ft^XK- wit4, 1 .tlie simple igrmiiX^i '. 
derived tlierb. ' Ta® thrust* coefficient is io* remain - 
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unaltered. And the remarkable result the inner $ustifi«" 
cation of this procedure ~ is that the corresponding pro- 
file drag coefficients with this substitute are actually 
in quite close agreement with those • ant icipated from pro- 
file measurements, so that conversely, starting with pro- 
file measurements, reasonable figures can be obtained for 
the lifting propeller** 



From > .( Ill , 11 and 14) we obtains 
K & ° 0 ap ^3 x 2 



) 



and 



and 



ap 



3/ 



(V,l) 



Cwp = 2 c' ap Xa + | (V,2) 



The thrust coefficients ls s are taken from figure |2 
as mean values in the pertinent range (a *= 5 to a 15 ) ; 
— is, as Def ore, put = 5. 6, Thus, vre have: 



ap 



100 



0 1° 

0.016 0.0195 

0.030 0.025 

1.0 1.03 



1.8° 1.8° (2 blades) 

0.023 0.0115 

0.022 0.022 

1.08 1.08 



The amounts of c wr> show the anticipated order of magni- 
tude. For more exact comparison the profile lift figures 
&t which the various propellers operate, should be taken 
into account. We introduce, according to G-lauert (refer- 



ence l) a "mean 1 



lift coefficient 

3 k s 
c ap " ~a~ 



(V,3) 



that is, the c a at which all profiles of the rectangu- 
lar blade would have to 7 bperate: in order to give the. same 



*The. reason for this, at first ; astonishing result , lies * 
probably in the fact that even aHt high t ip~ speed rat ia: r. 
the flow is still sound over the major portion of the pro- 
peller disls and that the portions with separated fldW con- 
tribute little to the torque. 
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f Ipij: A-3 are: • ^ ao-Vj^c.-; : 'I - .' » r, -\; : f v ' ; 
^ r /; f 0 O;: ; ;'; I 9 ■ ; ' l^ 0 - - ^8° ^(2 hl&dies); ■ ; ; 

•£A*> , ?*P v > • -.vc; ;^: r v« .t ;';<; , 5';;^. 

At these lift figures our coiaputeii ; * 0 ' fe 7 acco^rP- 

ingly 15 percent highpj^ $ha^t ,^he { - GcUti^gen measurements 
for t = 0«2 m, v = fe*0' m/s (fig« fe) w&iciv, as already 
stated, is about equi^alen-t . to the profile characteristics 
at 2/3 R. This didcibepaiicy hb unqualifiedly explained 

J>jr .the thickened trailing edge- and -the prohahly slightly 
different surface toughness. ,. : : ' '"• 

The transition to ? tho'^hiofe' autogiro is most convene 
iently accomplished hy substituting the "ideal" autogiro 
( see page 12) for., the " suhst itute" au.togiro, which diff ers 
fer ptbr the latter o:nly;: in ;lts cb^s&smt : axi&l' velocity over 
the whole propeller di.sk* ' . . .. 

=■*•:£ .v • The . astial flow coefficient , £ - fcaja:; he .expressed;; through 
; (Hi 7r:. and-. .10 ) i® . terms . ,o*£ i|k s - a.n.d.. ;. ••-/, ,-. ;•; .-. 



b 



5V £ P 



a 3 



w3xq»cq ■■> -.: . £. ;_ '-j^j ' ■ (7,4)** 



•s 



The results for tiie J four analyzed propellers are:"''- ■ 

d = 0° 1° , 1.8° 1.8° (2 blades) 

0.240 0.17 8 • 0.148 ' ; 0.208. r. 

* Ac cor ding \ to ( II ,7) t fc c a p is 1.5 times that of the &q&«* 
st.ant c a p ,fqr ; the. lAncet^shfiped, hlad.es, which is conii^t* 
od Xlth the dof ihit io.n of 'iJVV , y ./ j ;* .11 . .. 
^identical ,%0h; equat ion ,(jir,.17) aitho3i.gh (V»4); && 
P^}.3,yLvall^ '5^op)?2idOnt; pf.;hiad6.: f drin# " ' . ." 
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• ••fh^^a^i#l flow figures "are fconsldorably lower th&& 
thos£ cqm$&&®&, : iau; sect to a-, pago^ 12^ •'• <- : The rotor Males tip 
to bo more solid, so to speak, because of the lower profile 
losses* 

To establish, the induced inclination, of the flow 

on the 11 substitut^^-fre -revert to equation-' (111,6) aiid 
f igure 6 . . Then- v ; , * v v • i ' >• * • ; 

cci = a y- oca- =?• a ~ - -#n**fr*-*y *-r*r — 

V .COS QC COS a 

or a± = a ~v£V 9 S -sec a (V*5i 



The result: of •* the (^t-s^itttdr^eted. with this 

formula, is shown in. ; figure 18. In6ide£tal to this, it ^ 
should he noted that: ; - ; ^ J ^ 

... cc^ is. the inclination of the /^substitute" flow* that 
is, that plane flow yielding the same, total .propeller- 
force as the: actual , 3~dimensional \ curved flow. The de- 
gree of curvature obviously is bound /up with the permeabil- 
ity of the autogiro. .'•">• 

This becomes especially clear. with the limiting tran- 
sition ( c W p— > 0) to - the 11 solid" propeller. Here no - air 
passes through at any point. The thrust of each element ; 
of the propeller surface is. given owith the blade form and 
blade angle and independent of the adjacent elements. ^ She 
, induced flow must follow the^plane p'ropeller surface, that 
is, be plane itself within range of the propeller disk.- * 

: . However, .with the growing permeability continuously 
larger masses of air pass through the forward part of the 
propelled disk, are deflected there and lower the effect ' 
tive angle of flow of the rearward lying parts. Through .' 
this process the forward part of the propeller is, in con- 
sequence, more heavily loaded, the rate of deflection is 
more rapid, and the curvature in longitudinal direction 
will, as a result, be greater than in the rearmost par%i 
Tho major portion of the propeller thus will operate be^ 
cause of this unsymmetr ical curvature, in a flow which is 
already inclined at more than half of the ultimate angle 
of deflection c s /2. Consequently,- the plane substitute 
flow must incline at more than c s /4# • *' C" 



^ r. ::■ ■* &|oa''Ko^^ :; Cti ^arid'- - v r are 0 so i3oucK;mdrfe closely 

, V§ #P : i ? & $ ' . 0 9 -A* r ? ■ P f 3£ i % * ' fxp f* $n & " 1 1 . Ve~ 

"coies greater*. v.. , ... ..._..,.,.„. ..... - 

r , M - . Thi,s is .ful^/.&V! , b0^nti4^?4-.l9 f igu?e : X8# , The . .greater 
|T is , the _ 8©alX0r^, 'axid ^cbnseltieiily , ' q,^ also . L .The 
points £ of '"baeh" of "£lab tlaree \f ^ 

a straight linp., The figures for the twp^hlaAor *ar&, a;i M 
expected, hoiStf/ -tho&a of. thS/'f pur~blftder with equal # , 
"because of gjre$ter^pbrme$V^ spread 
more and also are lower than wotild correspond to the per- 
llnO'nt,£. Perhaps there are /bo^ndary^^r , di^coni;i^uity in- 
terferences in action on a c c pun t q f w t he J. smal 1 . numb c r of 
"blades, 

" V- ' Ow^ng to t^Q^eisa^^'' iiumbor 'of ; experii^nts available % . ti< 
for titb" 'evaluation, "it is difficult ' t'q' dpcidl . whotli&^Jho 
a± lines actually are straight and to wlxat'' cit oit £ " a£ ; 

; ,*ppll as -X .;.( Qwing rtr tp.. thp .nonunif orm lift, distribution 
$ vdnhy9V§0 ; , $ o* * flow) '%hs I any V bf ^ 9,Qt vv b»-. V'; Bolides, . 
ijt . shpii|d : "be : 'r^memh^rx>d ■ that., the ' matter,! hbeomps • so " miit^y 

, mQz$ d {x^ igi ; is smaller*! foK 'sixico .the * flapping 

angle ' iricrcasos" ( increase of'" X) the' a^jeement ' of • the 
thrust of the "real" with the "substitute" propeller becomes 

...consistently poorer* - . . The , real « prop ell er, y prol3.a"bly still 

,,. gives ^ ;: if it, has .not " aireaj^" f^Jlen but ; of step "~ a .small 
po sit Jy a thrusts ey.en at \ a ~ Q^, which according to 
wpul4',y.ieidVa riegat iye.. cc^. , . this ; is , : ^of course;; imppssl~ 

. 'ble aixd' tlius'' exposes on o . fun damp ntal ; defect^ o'f' our anp.ly~ 

' ; ' ,. . . : '.vr * ' J : : : ' :. '. ; "\ s' u \'\. f \ '" ' 

It would r t^preforp'^ sprvp; ? for. the", timp ; heing, hp use- 
ful purpose to oppress ' the linos coh'f ormahiy ' to ' f ig- 
ure 18 in mathematical fornv # TWhat v;o. lack are further 
model experiment's &i . suf f iqlently large^ scalp^(azad > ' as .much 
a t s possible,, .in " an ; ; open . j o%)% '^Un'ti.i thpn , ' thpve^pitical 
relationship' of . figure 18 must 'suff ice^;, ,int brinlediat e flg^ 
ur o s \ arc put. of the; question;^ e^cpB>^yely , ;, 

Uoviatiiig f oms. .; ' .. [ ; t 'vr " " W 

Behayjor of; auto^i^o in ; euryed f iold, of f rb,w»^ : Th e 
gfeneraX a|plicaViT^ method Is" boiit in^ 

gent ; uppfr Ve ihg 1 co^nizaht " of; the f ac t that _ the/ field of ' 
f;io%' Can., he, curved. bP^sAderah^ ;af f ecting the ; in- 

t>g;ral ..of ;the pf thp; mPfa^nt," as ; 'k^^p^^^si 

llshei hy S-lauett '( ref ■erph<ie . ij ,f 6 $ a : part i culki' : . 'cai'o i / ;./ 
To explain the observed ' latefki components V " hi " t etepbr&rily 
assumed a semicircular flow curvatxire which ensues when w 
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is allowed to increase * evenly in chord direct iojx from 0* 
to its ultimate value v Cs;/2. He finds that this certain^ 
ly exaggerated curvature does not affect thrust and moment 
when compared with' 'the figures for plane flow whose indig- 
nation amounts to c s /4* That such symmetrical, semicircu- 
lar flow is impossible by virtue of the interact ioii-'df the 
forward part of the propeller on the rear part, has already 
b^-em po int ed out .. . 

How let us examine another kind of flow curvature. 
Anent-the rectangular- "blade propeller we assumed v^ ag 
constant across the propeller^disk area- in first approach 
(see page 17), although the thrust loading adjacent to the 
tip is certainly higher than next to the hub; 'the differ- 
ence increases with ' And we already porihted out that 
time that the axial velocity next to the hub would be 
higher than away from it** : : f 7 .-.;/. 

To simplify matters, we chose a rectilinear outwardly 
decreasing distribution of the axial velocity of the form 
(fig. 19)** ^ . ■ * 

v d - v do (l - p|) (7,6) 

This' v^ must then bo brought iniid' relationship with' the 
elsewhere used Constant r y&Y "■ :: W:e , /wr^e :, '%he , s'e quarit it ieB 
as mean .values, with a dksh, *t.hu5V " : "' v> '"" . , " 

. M = ™ i _ " '(▼,?) 

The connection between these two terms is established' by ; ' 
the .physical condition, that, the total amount of air pass- 
ing' through per second' be the same 1 . This ' is equivalent to 
a constant mean angle of axial flow, 



*Yisualize the* lifting propbller as haying a big holo in 
the c ent ex r .through which ^aii* passes' unTOstrictedljr^ In ' 
this manndr the mutual interference' of all parts of the ■ 
propeller disk is, knowingly disregarda.d. 

**T^gethor- with* : f orward speed v cos. a; it' gives for the 
field of flow a readily- trafctable Z^dimensidnally curved 
surface.. 
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H % 



e4^1" t'ot&i il&i&S aiid 6<jiial : vsipelfcy.' " 



° 7 ; '" v E^rfei^ed'"- ia-^brnmi^ tM" condit ion- ¥ea^ ;; ' ; 



J o ' 

feeW r tlir6'6 ; 'lquatibli-s p'rovlcl'd S%%tumgpt teas '•' for the 
%al e^X^tlWi V ' : icftto?4'iarH*' r (T ••' anC*{ VY 8') V 'I s *- is^ ; ' 

'W s=.;^. ; y.d^ • '^-/f '. r s ^4r r.'. v^,r ( J:-. |.;?).' : .w. j 
or, %iti" ' '^d 0 ' : -frea (t, 6)'V ; ' ' ' ;. ; ' ], ' . v 

.... . t _ r .... 

-,v:o i: ?v. r vp. ; , ' .■;-v4 ^,.^ ,■; , : (Vv9.) 

X - |P • - . ■ , 

' r The velocity dist^ibut ibn p o%' eqixal quantities of flow 
therefore have the point r = g- E in common (fig* 19) • 

In this po int t h'b a#^ to the o on*^ ■ 

stant " y d employed elsewhere* • - ThB' .m^st" Isipo^rta^t-' part- ;.• 
of the "blade lies also in - this, vicinity;: ($®&: {IX ,~ :^ 
page 10.) 

Then we compute S a&d with (V,9), as hef ore; 

the result is 



2 w a P 



* 3 * (Pf) V ' ^"^ 



or, exactly the same as' formula ( III , 11) » The thrust re^ 
mains unaltered when putting == Xd> that is r the re**-- 
sult-ant' amount of flow 5 remains the sameV' . OJhO" Latter" •quah- 
tity is: compixted from' the ^equation of .definition: 



X d £ + X d £ ^ _ 3 -77— - 0 , (V., 11) 

• (1^ |p) • ^^|r^- r? ^ v: 



As a checi; on the acciiracy of the method, the 4*-"bia<le 
model With $ = 1^8° was chosen, for which at v^ = con- 
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stant, the coefficient of axial flow was •=* 0*022. In- 

stead oif cfb^ttting' with given c^p~ by : variant iok o r f 

p, it is more convenient to define c^ jtoT r ^ G^O^ 
fro.m/ (Y, 11) . So long, as c W p remains constant, also 
would not change in the other case'; ; but gin increasing <S, 
would have as-, count erpart a decreasing, Xj* 

ThUsV : (7,11) gi^esr* " - 



Wp 



6 . -- 8 r p ■+•- S p^ * ' 4-3 p' " • • 

c wp - 0.001 — + 0.131— ™^ . 

,,; . (1-1 ?) v. 0.^1- | P 

The result of ■varying p is shbi*n ; in figure 20* ' . . 
~ c wp remains; 'sensi.hly constant f rom* p* ==. 0 * to p ==' z/'4z* 
The practical range of ."- p must , $7 virtue of . ,the oquixl- 
ization process, ..lie between . p = 0 and the figure asr * . 
sumed for uniform thrust, grading, est.imate.d at p : - 4/ 5 

for the outer third" of the blade with . pt i - constant, 

- - ' > : dr r ... Q 

Accordingly , ..the actual -Value of p f o.r . # 1*8 / should 
lie in the neighborhood of f l/-2 fpr -minimum, %p> 

. According to these exas^las;, the distribut;ijon of v^ 
is not overly important as; "far* as= resultant thrust and. re-- -. 
suit ant moment are concerned, provided the correct mean 
value of v^ has- been attained. This fact assures us 
that the results of the foregoing section will not be much 
at variance with reality , dven when the assumption va.; r=\- 
constant has not boon wholly complied with. 

THE LIFT / DRAG-r RAT 10 CURVE ( C H AS AC TE R I S T I C CURVE ) 
.. Off THE. AUTOGYRO 



Origin and resolution of ;Her©t,Qf : ore the drag 

of the lifting propeller had be en intentionally ignored, 
so as not to confuse the issue* r. 

In the deductions for the* auto giro of small tip**speed 
ratio (page 12) it was legitimate, ' for reasons of -symme- 
try, to take th : e resultant thrust' S at right* angle-s to 
the plane of rotation, 'that is,, in propeller* a^is direct 
tioh. Its setting it&s at" flow angle to inclined 

flow with induced angle <x^ at 'thi le^rof tKe propel*? ~ 
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loir:. In order, to produce . S . Then the cb^Oii^ait of . ,3'' in 
tlie 'aireot ion" of undisturbed' flow is" * * . 



■ n # u *r r> 1 



^sub * °^ substitute autogiro, that ,is (according to 

the section "She Induced Field of ^Sow axxC 'Its Effects" * 
page 30) i of tho^ autogiro -characterized by ident ical f orm 
and thrust ; ■■■%tt---w.i£Jt»ltiJisly smal ; l-%ip-speetfL, r.atio, .,- 

The form of the polar s is not suitable for plotting 
the drag of the autogiro, because the conditions are seii^ 
sibly -differ ent/frotf ; those of the fixed wing the usual 
dimensions. : Ihe drags-a't ' high and low 'd a '- ay-e-' r so : ; xt* t erly" 
uniiKey that 'a linear plotting would gite-fcniy -a Very; in- 
complete record 'of the figures- 1 . at" low ; c a » '-wher-e, the Ve's't 
lift/ drag' ratios of the lif ting propeller Ve^aliy -liW'^'J-fr 
is ^th-eiefdfe better to' plot the lift/drag' r at : la - ; Jnst'ea&^'f 
:t:h.'0 drag coefficient . Sucfc a curve;. giv;e-s iat,- t,h$; same- • tir&e 
the drag of a ..lifting \peopell.er $f constant -l-.Qading .^'t ..the 
different operating attitudes. 

A-ccording to the: af oresaidf : .li#t : /dra;g ,rat-%o : of the 
substitute ; autoairo is- [with (Y r 5)-: . . . ; :; j-— v;../, ; 



£suV g : ; tan q t an aj 1 + J£ «/ - c & sec ; ccy . . ;> , .( YI > &) 

with 4 . : v ...... ; - 

£i ~ a i sec a and e& - ^ /^s sec a (VI, 3) 

for the region within which sin and arc may be inter- 
changed; 




f rom equation (7,4.). . Both pa ; rts... being dep^iclent; 
c s , it is pref erable to plot 'against eg vo,.%itex .:than 

c a ; sec a is only a few percent higher than 1/ lience-ean 

bo estimated in ..design analyses* - ..... : , . - . - 

Thus , tile .piott ing *oJ 3) '.an4^is£ie eq,rrcs^n^ , 

measure'd values of. the pertinent "1-x ft ins i^rqp ql 1 er Vsi^Si 
^:Sraphid yi[oxi of 'the .proportions o£'li$Q^]tp$$QB .^t.' i%'o/^l 
1 if tang, propel lor "Xf ig. 21) * .irom^'thc :ttyo "'|uoif4ar ■* 

c ^ and cd 9 there is yet a.ndther," tiaai due t'o nbnurii~ ' 
f ormity , the asymmetry of the air flow at the blade on 
both sides of the xaedtan plane. 
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llonunif ormity losses,^ Here we encounter -the same &if~ 
fieulties experienced In the treatment of the flapping mo* 
tion, to wit, a comparatively unwieldy and compjei calcu** 
lat ion can ~ owing to fundamental defects of the theorep - 
produce only moderately exact results* And the chief oh** 
jeet of. our. mathematical analysis is to ohtain a formula . 
which then may he compared with the model measurements and 
adapted to them "by a factor, as accomplished for the flap- 
ping anglo Pi . 

•Lock preference 2) defines the thrust component H 
perpendicular to the axis of rptatioh, in* the same fashion 
as indicated in the sect ion.;" The Autogiro of Large Tip- 
Speed Ratio ~ Flapping Motion** page 21, for §i ; the re- 
sult can he formulated nondimensionally as effected for 



*h ■ = 



a 



l 
2 



X 



'wp 



c* 



ap 



+ c 



ap 



(VI, 3) 



Now wo rewrite t lie equation so as-, to Turing the quantity • 
expressing the nohunif.ormity ; that is, the tip- speed ratio 
X,, hef ore the h racket . . To this -end, we remove (3.^ "by an 
approximation formula conformably to (IV., 10): • . ; 

Pi = 2 X^Xa + I) 

Then, with (VI, 3), the lift/drag ratio of H "becomes 



€ n = 



_ *h _ 



k e 



= X - 



a : e" 



2 Is. e 



2 / 4 " \ S 

2 X (X& + - &) 



c'ap 



' ~ 13 - •• 16 • I 

+ 3 Xg: + T \ d + **] 



whCch ,f aft er put t ing 



(VI, 4) 



3 Aa S + 2 X d £ = | -- E 



2 c' 



ap 



(according to (111,14), yields: 
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"Aht -as -a last step, t;e eliminate - Tc s through ( Vj iJ-aneL cf 
rrBm^|f^--5)i so ■ that : " : ' '• ■ v " ; ; . • ' >/' : ^ v " ■ 

e u = X — ~-~ . — ~~ ' (ti,'6) 

- • ... • , M & - , ... . , , , ;i ... 

<■:■..: ' : . " . ^ • , 2 3 • , 1 v 1. .. ^: K ; 

;ntimericaX evaluation of tliis/: formula with - the, d£- 
meas ions ; o f •: the mo i el s .manif ests a riee .'in .the- value at 
the fraction (as a result of the effect of d- in the numer- 
ator) with & (0*2i at 1*6°... against 0*155 at & = 0 ), 
whereas the first term of the Numerator with }?'• is of no 
significance. But, according to a previous section (p. 21), 
. th^r; tangential' force-- is. much : oyererst imate<J. for the retreat- 
ing blade; thevoverest imat 0 increases with & .. Consequent- 
ly, it may he expect ed that the value of the fraction in 
(VJiS) is ;:a: little^ tlianv.'t he - ealcia- 
•lation diseio&es* v ; . •:: .-. r: J- / . : \./: v: 

To checlrfthisi w3; ptxt ..v. ^l, 1 :,... >:•:• '■. -:.:v^ 

'fur 8 . K ^ •: , • (VI, 7) 



and define .. c n by trial insertion of different Taut co&- - 
stent values of k for each 'model so that'the test points 
of the four models compared here are reproduced .as close- 
ly as possible. As a matter of '.fact , v this is surprising- 
ly well accomplished, According to figures 22-25* The non- 
uniformity loss for each propeller in close approach is 
comparable to the tip-speed ratio. 

But the enumerator k also fluctuates only very lit- 
tle. Admittedly, it does not rise with # as it should, 
according to (71, S) , hut rather shows si' slag^ 
(round) figures it amount s to: 

# -« 0° •:;i 6 ' 1 1,8° 1.8° (2 blades) 

K -0.135 0.13 : 0}iZ5 - < ( Q$12&^ ; '- f ~— ' ^ 
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It is fortunate for the cheek on the reliability of v 
our method that precisely the two practically most import 
tant four-bladers with $ = 1° and 1*8° (of which the la|^ 
ter especially, shows numerous test points) are so Glosely 
and accurately expressed by the simple law (VI, 7), But 
the enumerator of the two~blader (fig. 25) is difficult 
to define exactly, because the points scat ter irregularly* 
/Since, ..however , a does, not oqcur i^,.(VI r 6), we. chose % 
■'Is' for' the corresponding J f bur^hiaddK" ' the cu*V^ passes. 7 
through the middle of the tost pMhtis* "' ."I/. 

During the evaluation it should he "borne in mind that 
Cu amount, s ; to only a fraction, in part e^en a minor fra^ 
t ion of the total lift/drag " ratio, so that ; errors in meas- 
urement in this enlarged by c u would he readily shown 
up. On the other hand, the ac curacy- of t the- measurements; 
is limited by the fact that the deduction for the huh drag 
constitutes a considerable proportion of the total drag 
(23 percent gor the fdur-hlader with;;best *lif t/drag ratio 
and t3- = 1*8 , and 39 percent for the two-blader). In spite 
of ... the, fact that ; the- huh rdrjag- had;: been ! me&sp-r ed separately 
with the greatest of care and with all due allowance for.; 
mutual interferences, the. .source for difficultly estima- 
ble inaccuracies still. reMiains* 

For this reason, the data obtained from these. experi- 
ments should not be 6pnsidered ag definite* further model 
expfetiment sV at "' siif f iciehtly viarg^' : ^scal e are' urgently de^ ;•; 
s ired« But : in : tire meaitimeV; formula ill , 7) and the . "' k; 
figures obtained; herV, ; may be co^ldently u^ed. WhateVer 
.l&fck of ac curacy ; the^ f ^btiEtil : a : nay ' hav^ is more" than balanced 
by its simplicity and practical convenienceo 

- - A'' somewhat deeper- insight into the nature* of ho nuni-* 
f ormity' loss zSi may be gained by* f ollowing Slauert ^s / ' 
(reference l) and Lock's (reference 2) procedure wherein* 
however, axial flow and nonunif ormity losses (€4 + C u ) do 
not occur separately, She 4 power to be exerted by the pro- 
file drag of the blades in the propeller disk as used in 
section "The Autorotat ing Windmill", page 5, for computing 
the . flow, velocity , can equally well be resorted to for de- 
filling c u . Since the flapping motion as a kind of reso- 
nance oscillation absorbs no energy, there remains as lost 
power induoed by th^. nonunif ormity only-the-prof lie-power^ 

The power due to uneven air ;fl-ow . ; equals the power of 
the corresponding drag proportion in path direction: 
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;r ;. ;. ? T % *«U ~ 



*" V 5 COS Ot'. • - 

rf( .... J -Confining ourselves conformably to Lock (ref erSh ce 2) , 
^'oT^1}i.'?i'''y"oi6.city component c^ perpendicular to t%e blade 
...a^i?j f tlTi. 5), we have: ^ 

• ' • :2rr ■■ R ... ; . {t . v • 

' ' ' °' * ° \ , • ; -V / ; • 

which, integrated, gives: . ' "'*!? 

Then with (II, 5), (ill, 2) ai%&\. k g in,/piace"of ; S, , 
have • : 

* v; r .;.;\; . ■ G ^ ~ 3 ifO s ^: t , : , , . . ... 

. £'his agrees with the second part of" the particular 
. .formula t Jpf LScki Glauert computes the ..loss . by inpludlng 
the component cos in blado" axis*, detection, th^i^Js , 

with the actuki yawing* veibvitf*-: She fqtm; of c u : is re- 
.tained hereby, the factor 3 becomes 4.5 (for X ~ 0) , or 
5 (for X ~ 0.5). * 

But the ultimate reduction has not yet' been attained. 
It is accomplished by inserting^ kg conformably to (Y.,l) 
and c W p conformably to tV^4)*t v - vv- * .... 

e u S3 3 X ( q% only ) 

. and 



£ u = (4.5 to. 5) . X . (actual air. flow) 



result .denotes f-thai; the 16§ibes on prof ile power 
with X and (according to r ffl *l(5f) :0 wi ^h'^'c-n^' as 



This 
increase 
a result of uneven air flow. 
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- ■ ' Th^ following talDulat ion gives the comparison with. 
;ttlie., experimental f igures: 





0 


1 


1.8° 




Xa = 


0.030 


0.025 


0.022 




., • . . 3 X d = 


0.090 


0.075 


.. . ,-.0 .0 66 


(c x only) 


5 X d = 


0,150 


0.125 i 


;: ; .o.iio 


(actual flow) 


iaatoad of K = 


0.135 


0.130 


0 .125 





The order of magnitude of , the f aetq;rs of X is, to > 
he sure, correct with a vi$w to the actual air stream, 
•hut the change with # is sensibly greater .than with the 
model (k) . The fact of the factor f ojp ; £ ~ 0 .becoming 
even great er than K 9 is indicative of this- method of 
calculation to overestimate the profile losses; for there 
probably is yet another unassessably small proportion to 
be added, as a result of the turbulence in the detached 
part of the flow at the retreating bl^de. So the actual 
value of the assessable prof lie losses probably lies be- 
tween the tyr-o mathematical limits. 

There is no doubt but that the lower limit (3 \&) 
used by Lock as the starting point of his - calculations, 
gives too favorable lift/drag ratios. • Still, it would 
serve no useful purpose to speculat ively,. f orm- an addit ion- 
al term, say, by starting from to establish the agree- 
ment with the measured K ? For that,, the. test data are 
not reliable enough yet. However, one fact is certain, 
and that is that the calculation with K. promises more re- 
liable data by a simple method than any of the analyti- 
cally adduced relations. 

v Pract ical imp^or^ division - Limita- 

tion,*- Let us return to the di8,gra™nat ical representation 
of figure 21, We have seen that the energy loss at the 
lifting propeller expressed in lift/drag ratio can be re- 
solved according to physical aspects into three compon- 
ents . and assessed by approximation. They were:. 

a) the induced looa KC±); it. Las a lowor limit, for 
which the induced . angle of attack oci - c s /4, 
but which is not rcaclicd in practice ' by virtue of 
the curvature of the flow. In approach is given 
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by suTDtracting tiie flow angle <Xd from! the angle 
of attack a on model experiments. The then ob- 
tained angle ai (fig- 18) indicates the apparent 
slope of a 'plane field of flow* whose resultant 
effect on .the propeller is the same as the actual 
curved field, which *is diffidult to assess numeri- 
.. ... cally, 

; . • The induction loss on the lifting; propeller is 
'essentially given fcy the plan form, hence diffi- 
cult to. influence.. 

...... * ». \ . 

b) . the flow loss.. ( £<|)i It covers the power require- 
^ * K ; -2ttent -'by 'ptop^.ilei*' rotation'^ 

" ;"*drag of the' blades . : " It6 relative miiiiniumVia . ob~ ' 
' tained by asgumiiig" t ip~2peed' yatio approaching 
•\ : ;'; t ' ; ; zero, i • c* \ ; syimao t 'tical ,: * a 4* flow; it i^ character- 
"'; * ' ized by th6\;axiai 'fio# ; coefficient '£ -with flow 

' [[ )' ' " dd;"= ? ec « J. 33 e d)* 

I is sensibly dependent oix the lift- drag ratio ^df 
the profile at which the blade operates, and on 
the ; surf ace, ..density a; . : ...it -.can, theref ore, "bo 
markedly influenced "by the plan .form* , 

c ) n o nun 1 for mi t y 1 o s s ( c u ) : It is a 'result 'of * t h e 
- uneven £iow^§t 'the blades in the -different set- 

' tingg MtS .no 16/nger negligibly small t ip-/si)^6d;; " v> 
: rat io ' (as". custbm%ry : by . Energy conVersidn' ixi flofs 
' 6i uoniuiif ofcm ; vel ocity)*. VExact. analytical assess- 
. * meiat ^^'g 'proh^biy imppssihie* In accprdtwith ^.mpcLBl 
■• Experiments , it "ban he expressed wit'Ji . ' ' ■/■'"]'. 



^ 'where k == i/S apprjbxi^^ ra&g'$ 

of blade &hgles.< It can life e . lie' influenced 
" ^ : by the plan 'fprm. ■ :</ ' : ; ■ ■■ 

The detailed proc6s£ to he followed for 'deducing : 

and e u is "best seen when the formulas for the lancet- 

s-haped ■propeller j developed ' in sect ion> page -5; are used 

as "basis* " ' 



\i "iiig3atly modif ied . ( 1 1, 12 ) gives 
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4 * 

2 ^ c a p 3 * 



and (II, IS) together with (ill, 2 and 3) give 



•a.,- cos a / ---^ (= cos a /") (71*9) 

v & c s \ V Cg ' 

Of the three variables, c wp> c ap* a only the. 

first appears with definite, ef f ect w The coefficient of 
axial flow "behaves exactly like the drag" coefficient of. 
the "bladp'. profile.. Contrariwise,, c^ • and - P af f ect .£ 
in the inverse sense of -X; the/great er'"*'* *$&p{£) and a is, 
the smaller £ becomes but ; :?v* so- much greater. . ^ : 

Formulas- (71,8) and (71,9) show the designers of auto- 
giros how to proceed in order to reach a particular aim. 

On the other hand, it should, he "borne in mind that 
c a p(£) can only be increased to a limited extent. Up to 

now the' 1 evaluation of the model •experiments had been in- 
tentionally limited to S- = 1*8°, although the measure- 
ments included blade angles of 2.3° and 3 • But the er- 
ratic behavior of k s even at = 2«3° was indicative 
of a marked irregularity of the happenings at the blade. 
Such measurements are unsuitable for checking or confirm- 
ing a theory. 

The data for # = 2 ,3° are included in figure 26. ... 
The improvement with great c g as against & = 1 * 8 0 is 
slight, while the best values fall considerably behind. 
This is not simply due to the increasing A conformably 
to (72, 10) for, upon closer examination, the enumerator 
K in (71 ,7) is also found to be substantially higher than 
with $ = l e 8° (~ 0.145 against 0.125, increases with c s ) 
This example shows that a certain amount of care must be 
exercised in the application of our derivation method. 

However, this much is certain: the smaller the tip- 
speed ratio, the more reliable our relationships. : A low 
tip- speed ratio is attainable by small - c a p or 0 with' 
otherwise given conditions, but a certain percent change 
of c a p vitiates £ substantially more than an . idont leal 
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change of 0. This is the -i^oa&on why in high-speed air** 
ipckftf- in which the nonuni^ormity loss is pronotinced 
(c s < 0*05), a low surfbe.S density is of advantage* Its 
inferior limit to-day is larg-ely a design prohlom* 

Any a ttexnpt at -* est- fmating the attainable e eneous^- 
ters first of all., c W p, which for physical reasons con- 
stitutes an i^ix^e^a'ble ohst.a^ll. f or apy appreciable prog- 
ress* ' In view ; 9f \K v 'arid X/ together . .with the danger of 
falling out of step, it is imperat ive that c a p in (71, 8) 
doe^npt v §xceed r .a verjr limit ed. amount while, ' on the other 
hand, \f ^^P^^-'-^ 0 ^.-^^^^ 111 ^ uniimit edly small , 6 r else the 
flSlr ld&4 r 4l "^^S^ f ^o s 4 w^ixld^ "became ahnOr&ally 'great ^and^ 
a'^.sb^V"! p.p 1 muGE :; 'p/©t#ba* in eliding and throstle iftight 
The §&%$&^qf\ ifi^i'ovifng ^wp wdir the condiiBiong" ixisf- : 
; ing to-day - xi ;. ■ indI<8dV yer^ / 'limitedV r It' consists of fear e- 
ful select ion*" ah'd" treat" men? of profile, higher chafadter^ 
istic through high tip speed, and fewer variations of e a p 
' t hf oligh ; *; 1 o ir© 1"% ip* Bp e .fed radios • ' Ind th£*; total ;;resiiit of 
tires 6 iti^ijjt s 'will at the' v'ery v jiiost ," iower s^ p ' ^hot %x* y 
exceed 20 , to 35 percenij . . . ^ , 

• For cbm^utihg* c th*e numerical 1, values', the fbllowin^ ; 
formulas- ar^e 'us^ds v • -..c - . . ... .* r : > >.;.;.,-•;{ .wo- o •.• $ >•••• • /, 

.-.;,/• .*.>v.;: , . -*-xa :r -^- : 2£ Li:/ - 3 - ;; ' 



• V 



% is takpn from figure 18, whereby 

X 2 ^ s X 



Ad> ani :: | f rom ( lil s .&) j (Y^'l) , . a^d ivvfo; illus- 

trate, -for*. . ~ 2°, c W p 0.0-08,- ajid .* a = 0*0.8,= it gives 



A d = 0.0173,' kg #.:-0>Q092,; ^ = • 0.18 -v" ■ - ^ : . : 

and the- i c* values for high tip- speed ratio with" ^ ^ 0»12 
(estimated v f rom the-T ^-ost/; data - with; (7*1 , 6) ■ &£ot ■■ 
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X = 0.35 0,40 0*50 

... Cp,w . 0 ..Q 58 . : ; , 0 *037 

" " f 'fe"i. =. o.02B 5 •/ 0. ♦6.233 / . 0.01% ■ ' 

... ^c< a,o.4;9 s . .. p.. 043 . . " o.b34 5 ; 
; ; -'p* : o^;^* % ;o ? pss .;;r ; o#p60; '/• . v ,./,., 

^ " ,{ ,.'v" ; .< ^ ^ : 'qA2^) 6.^i4;s;.. ^\ 0.112; v : . \ .. \. : 

i-ccording to this, the e value of the lifting; propel- 
ler with rectangular blades will hardly exceed 0»10 even 
wit&, the : mpst ,f ayotfabl.e..;. d,imens.i0m-a>:-- .es$ ; e ; ciaily:; ; *ilxc# the 
coning:/ mot,i.o^ 'Xffi % X&^yt% 1:1.- s,et • tip ?s till t other add %% ion^j.-;' 
;lbs,ses» ; On top. of that/ there 4%-. ibp ^.r^S pf the. b&fc; a^id 
i>f r t£e other, nonlifting, p^arts (fuselage,, 3.§^ding g<e&r) so 

. tliatr "the" ' . € •., VfdLtie of tlip, conapieip-aiy craft probably do 0,0. 

'hop : 'fk%l much short" of ... l/8> j : ; - ; 

As the best lift/drag, ratio of the autogiro is not 
rf§ir:;'from the maximum speed; ;it : is "not inferior, in this 
respect, at least, to the aircraft with a fixod-wing sys- 
tem. But ija cruising flight, its lift/ drag ratios are 
sub st ant ially less'* fawria'ble;, ^ f or which feas6n its'lise. 
will probably always be limited to ' shert ;; aid- m^diiua dik<*~ 
tance f lying. And * thera it.s. ; special advantages will . come 
into full; play:, ease, of handling, : spinproof, iivdif f erfenbe 
to gusts, and landing with steep angle of descent. 



... , The foregoing expositdon is> essentially liMt:ed,.to the 
purpose of assessing' the aerodynamic:, ijuant ities of '-the • • 
lifting propeller with a .minimum ■■: of ...mathematics yet ©or* ? 
rect appreciation of . the physical fundamental -prooesses " 
involved. Admittedly , they ar$ in need -of : -furt1aer'4i^rove*- 
ment in many respect g, . , \ 

In the following, we select only a f ew b of the more 
outstanding problems from thepractical/point of view.* 
To be sure, they -will. bo. more in tho line of pointers and 
•giving orders of magnitude than of adducing definite solu- 
tions.. •; • ' .* ."- ' • ' • '.. • 



♦For. general information on autogirosv See referenced 13" 

and 14* • • • * ' '* ' 
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Light and curved "blades! cro.33^ : fX^....^9^9^*^ In the 
developments thus ,far, the\w t elght of. thp hla&os, or their 
centrifugal force,, relative Jo ihb ;jtp.FytQt..%&dL "been assumed 
groat enough so that the "blade motion was sonsihly in a 
plane. This sfeill, holds ^i't,h suf fiBien^t app-roach for the 
mass conditions xq£ the models ^hera (Ahq recorded deviation 
from the plaftg^ cvn£ng> motion, did not 

exceed 1 to 2 , which justified us in disregarding its 

effect:, . : ::-.\jv, - : 

■yq^orti '$j£fe irfHfc llft^iujllke ;-d4^f erent. .wit 33, %i.£ t.&ng ..grppellers 
w||%g?e ^l^ajdes , -as. alr eady ..:P3^&ke 1 & ou.t .in se.ciiQ.n., r p4g^0 r .2 t l» 
ar e- ®jlte o^ten 02^. from one .tihird . ,t 0. ...oiie. fiiltji ['.a a ' h§avy 
a:% r /t.h(?S:^::qf thr© jnodel-J ,JEhen the .angle ^vld " o£ hp. ' atoing 
mofkian - is : ?|rom 3 ,£qu 5 -.tia$s ; as iar^e^'s oti. ^e : : pod^j,<; ^. 1 1 s 

c? u.sT|%i ri r.;a^ge . Is, rhetween, .6 "and *9°,, and *(J.V-,..^- giv,<as. t'h'e; 

<% J 03 

!!"" 74.^*4?. .fyonehi } U B risds : ^itH :? the /: fhrxi.st , ; 
"while*' ft'75.$"pro^ |3q • is ' : in 4 ep end exit of : 

th6;pr6peif ^rvf d : Ming 'aiid^ solely def tied "by t'Jxe ; quant i~ ; 
tiy ;<Sf ;(iy /l4) ^>3id * 9apU>. : ' " ; 

;7 \ ''6£vi<^ without- influei^co 

bix tlie prB^eller^drag^ ' The; dtfag . increment Is ! pri&arily; 
due to 'tlife accelerated 'aii* forcfer of • the forward* hladei 

= 180° ) which has the greatest "backward slope. Lock 
(reference 2) gives a general.. treatment of it in the sec- 
ond part of his report; an& ltis''f ormulas which, admitted- 
ly, must he used with certain reservations, give neverthe- 
less, i a. measure .pf . .oomparison. ., .He finds .-for an autogiro 

with,' 7 ./=7 10 7,' ( ks\agslinst ;: ; g^ifbr : the " mod^l)' ^' $ ;=^?°, 

5wp 7=* :0V012 ? J^kp.&:/o*b. 0.2; V "t$a£ i^y b f / fel6w speed, ancL 
very light blades hest 'l%i%/d^ag A taii<y "becomes 

. ahout o .og.?;s *po orer. . ,,: " 7 :: 7 :. C: . ;J.7 ; . "■' 

„ .i. 

But the coning motion has yet'knother effect; It ex- 
plains, the formation , of a lateral inclination of the 
thrust^wl^ich, without it , would he ; lmj>o s s ible • . The advanc- 
. in£\ hlade ' su^'tain^ , as * we; hav& s6en , f aif gr eat er load ; 

♦Apart from the weight of the "blades proper, which, , h.QWr 
?X 0 .?.?, Pi^y? ^ insignificant part In full-scale designs. 
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than, the ; r pending "bl^de^ - . As the resultant of the air force 
ig, ooBsipteBtljr. at .right angles to the blads axis aai tMs 
describes a cone, the other does likewise liut, while re*^ 
VQltixif * changes its magnitude to sugh an extent as to $et 
up a component- perpendicular to the axis of rotation, which 
points athwart the direction of the retr eat ing ; "blade* Ac- 
cording to &lauert*s formula (reference l), its ratio Cg 
to the resultant farce. (a : .kind of lift-drag, ratio) ihould 
be .proportional tq X, 

., TliG-.c'g.natiire of the flow induces a second cross-wind 

fqree which, , according to G-lauert (reference l) should he 

diametrically opposed to the first and increase with l/X 
( "by. ' c amh er/of arc)* 

Lock*s model experiments also include a lateral force 
measurement- for the 4-hlader at £ =. 1*8° (fig* 27)* The 
force, direction is indicative of its source from the con- 
...ing motion, hut the rise of -.its lift/drag ratio € s is 
greater than anticipated, This is probably bound up with 
the equally increased flapping motion ( IV, 15) compared to 
the theory * .... 

•••Then -the coning, motion has yet -a certain effect on 
the poaition -of the cone, formed by the blades* The f or- 
wardly .accelerated air force (at i r 180°) causes the 
/blade* to deflect., an additional "flapping motion, which 
obtains in a -displacement of the highest coning point of 
from 10 to 30° in the direction of rotation* Haturally 
this displacement 'affect s, even if subordinat ely , again 
the magnitude of the lateral component. 

The blade curvature' of feet ensuing with elastic blades 
-under the combined effect of unevenly distributed thrust 
and centrifugal force loading is, in a certain sense, re- 
lated to the just discussed process. G-lauert and Lock' as- 
sumed a mean curvature of the blade axis in circular arc 
form r .1 o c k ( r e f or once 2) o b t a in s for the a f o r em en tioned 
untoward vdimensione and a 3-percent pitch of the arc , a 
drag-increment of 0*6 11 for best lift/drag ratio. 

But this result is the most uncertain of all, for the 
assumption -of a constant curvature of blade axis is utte^ 
ly untenable, : .as shall be showji hereinafter, because this 
point is of; considerable importance for stress analyses* 

S tre ngth problems of the ^b lade.- In the solution of 
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the question concerning the resultant air loads of the 

ifceto advaMa#i 
ids" Is ;afe|)ly : 
•Th^^eo^reot 

^%stdtafLt^ 'forces* ^ h^r s^iiaply^ a's a '^feife^ii 11 

• :>ii, * £ ?;* ? o ?v-V * \ ; - ; " : - " • ' — - ; ' •£ - • f . • •r , r.^wr*\; - 
a> r Buch a- method, kpw&yer/, breads down Ixi %iadW-s : br > e r s : s : ; 

dialysis'; 5 - because- 'then- it' is' a • mat t"e r r ; - of naiiimin' tather"' •;' 
than of moan values. So, strictly speaking,* wo T should 





: ; ■" ^jti^ t%ex&/¥^k i^B' : W-t ;; 1 <M& '®X%&%&&t : iYe ^for'^the 
stress analysis » "n^Tnely> to start with a' pl'an0 ;x iii^C'e"d' : ! 
f ield of flow Vi^h'^thV '^i^lip&t±b'xi '-bi^ ; fl ; g : . ' 'IS'-) c SappV 
ly'y this signif iesv ' with'- tfixe fchbw'h;' i e^^li2^1ori' ^^cbbs^ 
of . ;'such airf o 11 £ liw, ah ^augmentation': o^f; :the* as^ut^t-io^s 
f or the air loads, : that 'Is ,vad$e&.'sa£ ety factor:; for .the. '-' 
analysis; for at the points of greater operating angley . 
consequently greater locally produced thrust than agreea~ 
hie to uniform, thrust .grading r -:; 'tihov f lawr. is more .deflected 
and 1 actually strikes' the" "blade "afe a .smaller.' angle-' than rthe 
calculation st ipttlates : i ahus^ the:: highly- loaded points.: are 
relieved and; -the lo^ly* loaded^;: Wress/ed more./:*-. ; ."•' 

: ; :.'.*.. This: con^lderafeioxi,: while ^adnii ttedly: riol/- univBr sally 
valid,. • g f iv"Os however: :t he: as sura^ca: In the . majority of .■; . , 
cases of "being on Ahe^.saf.ev-siae^ An .except ion- might , he. - 
the tip load of the forward lying "blade at small angles of 
iaAfeacfc as a result' o>£ cthe relatively^ . excessive, f low: curva- 
ture That ^would: hav^e; fco he cleared up through measures 

-ment^S^; r^l •;*.-;. , ; V'. , •: •-. • . >. • - -V..- ; V. • .> 7 " ; -- - 



•the situation- of . the- load = distrilDUt ion- of the- 
"blade, in- Ite f our Settings: -is : haiically as- follows: On v the 
straight blade^ the^centriftLgal force - cvmpGnen&& normal -to 
the %la4e*&kii%0i' 'tt^ ^very-" £a : st asico the iiass^fw^s^f ^ ■ 
duced "by virtue of the flapping acceleration. Consequent- 
ly,* :lt ^u£f ico# ^^iyz-d;- thtf 'pla^r of - tHo forbes; at the 
pu*e = dohing- ^etionJ, ■tha*^isV"of the" XcoHstanfc- andi- out^- 
wafr&ly * dir <^c t'tfd) •e^tfK *■ i f u g#t ; #o r c ? e a« d ■ o £ t h# ^>va r iah 1 ei - 
a^d-upward. ■aetlng}':air''load:^ >i • - : ■ ^ - -* :v '-' 



• Icjhs ; a-s : tho '1>Xaa^. s t falgh.*^- -t^ :l'bad in- 

creases linearly outward with uniform mass distribution 
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by virtue of the centrifugal force; "but the air loai in- 
creases.. ffi$&p$ parabolically outward at if = 0 and 180- • 
At ; tM>: k't&gQ the moment -o r f 'the^ abad'^^i^cre^aiicies "bends 
th^' ^lkde v cbnCa:vdiy upward. But at •= '90-- ' the center 
of gravity of the air load shifts considerably to the in- 
side an4 .it may itself outwardly "become negative under 
"s \> f dMp d^conda^ipn s . Th e blade ' iav ; - fs- -a". r^csultY evoroly 
hG^' ^pAcav^ly downward. Cohtr-ar i%as'e, : thie air load x.f • 
slfi^t^s' > ; t r'ongly outward at ; ''y"==^'270^p >#&e ^upwardly con-- ^ 
Qave/ curvature should reach ; it ^' xrta^cimum: there.- Thus :the-:.\ 
blade 1 executes at each- revblut io-n {xiafr harmonic), forced: 
Vxbration in bending. ' The^e- : is ncf imminent danger of re£ 
qnanceV sinc£ the frequency of .first higher harmonics : o;- 
must he 7 > 2' n "by - virtue ,;v of the- ever- existing "blade r$fr*J 
gidity. Of course th e a ir*'* loads- damp the" mot ion of the : 
individual blade elements again. 

The ideal from tlie standpoint' of strength would ■; ho 
perfectly soft blade , -a &eafy rope , so to- say , which at . • 
' any, instant conforms' with the equilibrium of tho^. external 
mass forces* ^Sucii ad^eleiiient wdiiid Mve to transmit lOn- 
■gitudihal v and transverse forces -but no flexural moments* 
Sattifally tliis is "not : 'f $asible in View of the rigidity * of 
the blade by nonrevolving rotor and the designer is. 
forced to some cbnipromise • relative to the desired stiff- 
ness*; /.lor the chosen^ -stiff ness and mass distribution! 0*. 
~t'he norn&l loading^ is ' then • established' by progressive; .'ap- 
proach, the change of centrifugal force components- due- to 
Varying blade curvature being of primary importance, fol- 
lowed; by t.i'o " cteng-e : ' of ' :a i r load. - The f if sfvis?. directly 
d<bppndont ; on tfeo sha.po of the blade axis /x4&£-> ether on it 
fittt ; derivation ; trith respect to t ime. ' ; i more exact ^x^ 
amihirtlon of thoio processes involves' an eiror'mous amount -t 
'of: ;p&per work, since no accurate short-cut ine the d lias ::> 
boon devised as yet. • > 1 

#ree- flight tests on the auto giro would make ^matters 
colisiderably easier, (There is ' no adequate wind tunnel 
in Europe Where models at the desired scale could be test 
ed.) The : problem is twof old: a) determinat ion of air 
loads at : blade through pressure- distribution measurement: 
at. varying distance from the center; "b) ' measureEient ,6 f 
deflect ions ialong the blade axis. ; 

Both problems present considerable experimental dif- 
ficulties, because the measurements must be made . on .jt res- 
tating element which,, in, addition, is. very sensitive, dy*-. 
namically as well as hydro dynamically . - But -they a re-, de £i 
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ni#%;ky;; ^gsenjbiel to? completely clear up .the. opiaftifr i o&B * .. >: 
© ^^igiftiijr : ftifrfe* ja. .view -to; the type- of the induced f ield 

' /y ga^.e4t^oi^ >. .fro very high angles of attagkp~ 11 The: author* 
gl3*or p&nnoit b entailed J 1 . Undoubtedly this- Jm> when . 

ref erring; to: the flighft •character i.sticsr fpr_frhe ? -lift qo~ 
ef f tpAent;; -and- the. mea : nj&;ir~ stream- velocity o:f th ; e; indi~* . .. 
vidu&l ;v:^ud^rftiaiQ9At--^9v'ixx fact^.^as seen,, in4jQP©a4%nfr v of. 
t^e ^.ttgl^e; :Q-$.\.MtuQfc . -o}f ..the , w&o 1.0/ <#ufrpg i-r q- wh4ofe ; therefore-, 
dqes ;:not: .lo-sa. its, •l£i£&ing. power^>,.:".But,- iaoi- ;^pite ): ; r of.,/.kh i at - v 
the f l.QWr.aJout i#S$e ^utog^o ,>s \ftQ$- ; always ;SHO ..^Koth j&s : .i?k 
the p^eYiously .itre.atBd v a^gl^cj^at.t^cfe i^nge;. < <w 

This is best seen in ^ev;pac^r,e- ^±;&l^-:^^^ 
pinged autogiro, the attitude of vertical descent, which 
has al§p b^ by-* £ppjfc'; (ref erence 8), 

and : Gl$uer t (r$£ erenq<e &);;•**■ Th-e-flow .on the autorotatin^ - 
•axiarl-ly- Impinge d propellror- ..is' a^na3;-qgpus, fro the rf low . of a. . 
corre^onddnjgly, ;jtii^lngQ&.^r.<m3^o^-^9&f ,i.»e, »;in (! f rojat .a ,sym- 
meLfrripjal. pcrt^fr^l f low* ' behind- : it a tu^b^le^t . ^one :sepa^ 
rated ;>y a; vjnore- q-r less- exp.^p^od inversion -layer .Kar^ea 
of discontinuity) from the -potential ,f low>./ ■. The fact. :t hat; 
10 / to, 20 porcenfr .of the /flow j.es capes through tjhie prap^eiler 
disk 02; frhe autq.rotat ing. prpp oiler does not aAite : r the, pier 
tur^e . decisively* .... •.; .■■ v ■ . . v 

: ^.is ; flow, perfectly :def|&ed by th^ vqxt ex /field affr- 
of -the. propeller.f, now must gradually; change.- in-rt.he smooth 
.airfoil- flow as t : h,e. angle of attack declines* :r The only, 
attempt „sjq far published, which covers thi^ who^e. -range. •; * 
(reference 10.) , Is., iljuat^ated in .f igure 28, *$he A-tbladp 
model : of .0*65 m (2. 1 *£fr*v) was tested in the .2^10, m (6*9 — 
ft*) closed wind tunnel. The plot shojws the* lift; curve .... ..; 

anticipated for smooth flow conformable to (111,7) and 
( III ;f 9) , without particular regard to the /induced, f low* 

• The theory .agrees very closely wifrh^.^ up : 
to ,<x = 15 . (fig.. 29a), .; But at 20 the freis^ poi^frs ar.e = 
alrpady scattered,*, a sign , of disturbance . of, tlxpf mmo-bik-i: 
flow* Observations are- still ..lacking r.ogardi^g -itu.. but * ,> 
it may be assumed that, analogously to^.frh$: ;.&y#r 
torn, a dead air zone is formed on the upper side at whose 

T3tolim^e'd a/ir stir easT the; 'kngiP of :; incipfent 'yprtfpl^y, 
can-b# 'S-l^ighfr^y higher^ ,-'v::^ *" Ij ccv 
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e © J eidy ing boundary lay or" of • tho individual blades 
wiilyproia'bly/come into play 1 ; As a result the* total flow 
will il^'^SofM^ly ' leBs^-def lect e'd (f ig* 39) ; without nefe~ 
esjsi^ily^ an appreciable effect of * the: sound flow 

a f : *' l|3L©'-' ln'ii% 4 hxml m blade element, ' for the eddy 2«>ne is: not 
f o^ld:'until ,v above the plai^b of rotation*- - As the angle 
continues to inerbaso, the f lb# afoiind the leading edge 
will.. be ; come more, and more difficult, until at last the 
'fio^TByppBOB altogether arid' approaches symmetrical form 
(sbb figv 29c) observed at a = 90° (reference il)* - ' 

' Another step 'further leads to the following: . .Accord- 
ing; to Praridtl 1 ^ airfoil, th'ebry,. the lift of a wing of . 
span b and identical def lection cc'j at. the locus of. the 
w frig can be equUted tp the maiaen turn per second of an air 
in&s^ pM.sing a$" j:the^ r rat e * y through a pipe section of di- 
aiaabt'er b " afid ^yejily deflected across the whole section 
by ~"[2 e a± 9 . perpendicular to its mean direction. Then, as 
long; 'as it is pas gibie to make the flow pass ;"albng the 
surface .q.f'\ ti'oy ¥ l^jft;ing propeller without becoming -separat- 
ed, we have at == a if the propeller is "dense. 11 'enough, 
and the fictitious pipe flow is deflected through 2 a, 
that is, through 180° at a - 90°. In this case the pro- 
peller force coefficient would be c g == 4 sina~4, accord** 
ing 'to (III . This is the highest , theoretically con- 
.ceivable amount, according to the momentum 'tfiqpr r t " ( 2Tt 
corresponds to the perfectly elastic impact**)' * '/ 

: In reality, no such large deflection is realized:' 
-first* an account of the necessarily strong f lo** cuyya- ■ 
ture wiihin the propeller disk, which is not possible ac- 
cording to. the mechanics of the propeller; then,- it is di- 
ametrically opposed to the flow pattern observed at., a ™.; 
.90°, for which reason we have the incipient breakdown of 
the flow. Besides, the cited pipe does not deflect; the 
whole mass flowing through it; part of it escapes! before- 
hand, owing to the permeability of the propeller. The lat- 
ter process is correctly assessed as to type through for- 
mula (I 11,9) • On our propeller (fig* 28) , it lowers the 
theoretical 'Q&j^ x ' f rom 4 to 2. 8. 

. : How. tlv^ :: r^^yl»-liie. f eature is., that the mea.sured: . • 
Cg iax is exactly* half of this amount, that isi 1.4V If 

further experiments should confirm this result the cited 
Prandtl method could then be extended to include the per- 
pendicularly impinged autorotating propeller, so far as 
the force could be computed from the same (fictitious) 
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pipe flow, with the proviso, however, that instg&d of 2 a 
the total deflection angle would he only a, or a ~ a&, 
that is, 90° - aa- This would give for the perfectly 
"dense" propeller (| = 0) c Smax - 2 as limit, in ^accord 

with Glauert*s (reference 9) and lock's (reference 8) 
curves extrapolated from the experimental values* This 
would bring us hack to Uewton, who deduced the seme fig* 
uro for the disk by moans of his primitive momentum the- 
ory* 

Assuming that it actually occurs: Why then does the 
round disk produce so much less drag (c w ■ =* 1*15)'? The 
difference can only lie in the form of the dead air space, 
that is, the vortex field in the wako of the disk* Where** 
as, on the fixed circular disk the air penetrates in the 
form of irregular, large halls , into the zone aft of the 
disk; the closely spaced vortex trains leaving the blade 
tips as helices on the lifting screw, should form a honey- 
comb-shaped envelope which prevents air from penetrating 
the dead air space, as well as from setting up any suffi- 
ciently large suction before the blade* The boundary lay- 
er flung off from the blades is probably very much in- 
volved herein. It should be worth while to explore this 
process thoroughly, especially by searching observation 
of the flow with smoke filaments* 

This much may, however, be averred on the basis of 
modern knowledge, to wit, that the thrust coefficient will 
not be in excess of c s ~ 2 in vertical descent - in most 
cases , even 20 to 30 percent lower* Higher figures ob- 
served here and there in free flight tests ( reference 12) 
can be unrestrictedly explained by the almost always accom- 
panying wind, which makes it easily appear as vertical de- 
scent when, as a matter of fact, it slopes perhaps 45°. 
In this case, for instance, the sinking speed would be on- 
ly l/j2 times that of vertical descent; that is, the ap- 
parent air-force coefficient to be computed therefrom for 
vortical descent , would bo twice as' high as the actual* 

In spite of that the drag of the autogiro in vertical 
descent is greater than that of a parachute* The remark- 
able fact is that this flight attitude with wing control 
is p'erfectly controllable, a characteristic in which the 
autogiro excels any other type of aircraft and which in- 
sures safe landing under the most difficult conditions* 
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SUMMARY MD .COHGLUSIQHS 

It is shown that the flow on the autogiro in level 
flight, can. he reduced to the simple, symmetrical flow on 
the axially impinged auto rotating, propeller* The unusu- 
ally, simple formulas set up yield not only the fundamen- 
tal laws } for flow and tip speed (section, page 5), hut 
also a theory of the thrust of the autogiro which in f orm 
is in. complete accord with the model e^porijaents (sec- 
tion, page. 12) . . . , 

Discrepancies in the mathematical analysis of the 
-thrust cxirves, however, point to tho possibility of some 
'fun^amQntal^ assumptions* But the effect of 

the ^symme-try in the air stream, which effects the flap- 
ping mot ion of the individual! hlades, is described before 
this basic error is explained (section, page 21) . It is 
'shown that the mathematical troatmcnt of those processes 
finds its comparatively narrow limits in the inadequacy 

of the formulas for the air forces at the receding blade. 
This is one reason why the English theory (references 1 
and 2) could not produce satisfactory results despite the 
elaborate mathematical work* 

The other reason lies in the assumption regarding the 
shape of the induced field of , flow. The simple Prandtl 
assumption of a piano, flow deflected by half the amount 
and valid for slender wings, must be altogether discarded* 
As the actual field of flow is scarcely tractable, a plane 
substitute flow is introduced whose slope is figured back 
from the model experiments (reference 3), whereby the real 
propeller is replaced by a substitute lifting propeller 
with symmetrical air flow* The latter gives drag coeffi- 
cients for the blade profiles which agree with the Gottin- 
gen model experiments on the same wing section ("The In- 
duced Field of Flow and Its Effects", page 30) • It is 
shown that a moderate curvature of the field has no effect 
on 'the result, provided the plane substitute flow has been 
chosen correctly* Further model o&periraents with lifting 
.propellers are urgently desired* 

Then the total losses expressed in lift/drag ratio is 
resolved in thred parts (see section, page 39): 

a) induced loss ( €± ) , always greater than c s /4 
empirically from figure 18 ( £± ~ ai sec a); 
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b) axial flow -.loss with a minimum of 
. €cL * I /cT sec a ~ 



vc%'?k *&e coefficient. £ lies' mostly be*? . . 

t^een^ 6 ,12 and 0«25, and axial flow coefficient; 
.... ; j /V. t . also a constant (0#015 to 0.03)", is sexisi** 
t..-. . ^ly, defined { from tiae profile lift/drag ratio; ' 

... ^)/npiiunif ormity}ioss . c u ~ K A,, wherein K, for N " 
/ good propellers, deviates * apparently only a lit^ / 
l.^ tie from l/8. 

Vi Siic-e"?- ■ 'and depend inversely on the tip~ speed 

rut iOt. vXv : whereas thp induct ion loss is. largely ■ cent in^ 
ge^t;:tip0n : the- circular fopm»..^he improvement .of total 
; l-if i/drag-frat^o; is withda^relatively narrow limits,' about 
1/10 • fritji/ -usual forjn.pf to-day . The .problemy is* essen~ 
t.i-stl'ly^ fcj^t*.«r of raising the speed by lowering the sur~" 
f ac:e;\d^.p.'s>i/ty and refinement-- in blade prof ile, propellers 
^iin-t.anied.; fp^r-hlgh spee^ having narrower blades titan those 
in&e^&jL: : f.,ov>: -good-; rate of - climh, ,. 

The coning motion disregarded thus far, vitiates the 
lift/drag ratio very little, but sets up in conjunction 
r w:ith- Jfhe- .curved -f low, a lateral f orce which increases with 
th;#j;i^^ ratio. X-See section, page 49/) Our- knowl- 

edge-. ..concerning • it is*-. r s.till very incomplete, ? ■ { • 

?-* . ."'••- . * •».*. 

The changing air forces deflect the blade during t>qj? 
t^tion,- inharmonousiy upward. and downwards .The study pi. 

^ this .procoss in flight measurements under simultaneous-., \ 
determination -of the. actual field of flow in the : propel** 
.lor. disk is' : one of the most pressing .problems- (section, : 

..page 12) •- • . .. : . - jr.. • 

•: In; vertical. .descent the thrust coefficient c§ .1% 
. about 50 pprcent of the value anticipated from the ele^ 
•mentary theory* . The amount of Cg .--S. .. is ,not exceeded 

■.,C*R^€o. 49) ThO'/flow breaks down wh.en:- changing to sx%gk 

angles of attack, that is., relative to the total arpa, but 
> remains sound at the individual blades, so that lifting 
power, find contra : 

Translatipn. by J . -Irani or , 

Hat i oa^ai c Advi so r y ? Q.o.tan i 1 1 o e. ; . . 

for Aeronautics. 
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Figs- 1,2 




Figure l.-Air flow and forces on "the autorotating 
11 elementary propeller" in equili"bri\xna 

attitude. 
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Jigs. 3,4 




figure .3. -Blade form of "ideal" autogiro. (lancet 

shape). The dotted lines are the plan 
form assumed in the analysis. The solid lines re- 
present a practically feasible "blade form, which 
in effect is little different from the other. 




figure 4, -Air flow and forces at "blade element of 
autorotating lifting propeller. 
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figs. 5,6 
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Figure 5.~Autorotation range for the lancet 

propeller with &6ttingen 429 profile 
in axial air flow. 




♦ 

Figure 6. -Section through autogiro in level 

flight. Velocity v 1 in disk is 
composed of velocity v of undisturbed flow 
by deflection through angle a^.The air 
passes through the disk at angle a&. 
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figs. 7,8 




a, c s ~ 45, , 

b, * = i,8 0 ,. 

4 bla&er, 
t - 0.178. 

c, & = 1.8°, 
2 biader, 
t = 0.252. 

d, * = O 0 ; 

J == 0.282, 



Figure 7._Besultant force coefficient versus co for 

several autogiros. The points are measured, 
the curves computed according to theory of the auto- ■ 
giro with tip- speed ratio approaching zero. The agree- 
ment is exceptionally close. The straight line c s = 4a 
gives the angle of deflection conf oraahly to the 
theory of the lifting vortex. 
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a, v - 30 m/s 

b, v ■= 15 " 

c, lOOe^ 

1*3 4* 2 • 4c ^ 

d, 100c^ = 1.65 



lOOc^p 

figure 8. -Profile drag of Gottingen 429. The dotted 

lines refer to the mathematical data of 
section III, 6. The disagreement is obvious. 
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Axis of rotation 

Blade G y < ,h 




figure 9, -Definition of flapping motion and ensuing 

velocities. The "heavy" "blade runs at high 
tip-speed ratio, "because of asymmetrical air flow in 
a plane (plane of rotation) inclined at angle $i to 
the normal plane. The transition from velocities v 
in the principal plane to the velocities c at the 
"blade is effected "by means of figs. 10 and 11. 
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figure, 11. ^Velocities at the flapping n olade element, 



Blade 




Xu sin \J/ 

figure 10. -Velocity distribution in the normal plane. 
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figs. 12,13, 




Measurement 
repeated. 

a, & = 1.8° 

b, $ = 1,0° * 

c, & * 0° 
4, * • 1.8° 

2 blades. 



a 

figure 12.-Thrust coefficient and tip-speed ratio 

of the compared model measurements. The 
thrust coefficients are sensibly constant, those of 
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' Figure 13. -Profile drag and coefficient of axial 
'flow according to (IV, 12 and 13). The 
steep rise of c^ at small a has no physical basis ♦ 




Calculated 
Measured 

a, 4= l.S c 

b, * = 0° 



Figure 14. ^-Comparison of computed and measured 
flapping angles 0^. 
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Figs. 15,16 
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- True values 
• Calculation 

£ = 1.8° 
X = 0.5° 
0X = 4.0° 

# = 270 



Figure 15. -Comparison of computed and actual blade 
thrust and its moment at \j/ = 270°. 



True values 

Calculation 

& = 1.8° 
X = 0.5° 
3 X = 4.0° 

?mt * = 270 ° 

0 .2 .4 .6 .8 1.0 

p/S 

Figure 16. -Comparison of computed and actual tangential 
force and its moment at \|/ = 270°. The shaded 
area represents (at 5x scale of fig. 15) the excess of 
the computed over the actual moment of the tangential 
force about the axis of rotation. The actual moment is 
infini t e s imal small . 
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a, c m0 (A = 6) 

b, Cjjjq (rotating wing) 

c, c a ( a) (measurement) 
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lifting vortex. 
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3?iguro 17. -Comparison between circular wing and 

rectangular wing of equal profile (Clark Y) 




a, c g = 4 

b, & = 1.8° 
(£~ 0.15) 

c, $ = 1° 

( 0.13) 

d, & = 0° 

( 0 .24) 

x & *= 0° 
a & = 1° 
o £ * 1.8° 
+ £ = 1.80 

(2 blader) 



Figure 18. -Induced inclination of the plane "substitute 11 
flow at the locus of tlio lifting propeller. 
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Pigs. 19,20,21 
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Figure 20, -Resolution of flow velocity plotted 
against profile drag coefficient. 




1T.A.C.A, Technical iI e moraacLam 1-Jo. 733. 



Figs. 22-25 
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figs: 26,27 
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figure 25 .-Comparison of different lift/drag ratio 
curves, the "behavior of e for & = 2.3°, 
shows that this latter measurement is not suitable 
for comparison with the theory. 
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figure 27. -Slope of lateral force for $ - 1.8°. 

This slope, expressed as a kind of 
lift/ drag ratio is a power function of X. 
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figs. 28, 



3.0 




0 20 40 60 80 



Figure 28, -Resultant force coefficient of an 
autogiro from 0° to 90°, compared 
with the simple theory. The flow at the pro- 
peller disk breaks down "between 15 and 20° , 
the highest attained value of the total force 
coefficient is about 50 percent of the the- 
oretical maximum. The letters a) to c) refer 
to the flow attitudes of fig. 29. 




a) 



b) 



c) 



Figure 29. -Flow at autogiro for three different 

angles of attack* a) small angle of 
attack (up to about 20°) sound flow, "b) medrum 
angle of attack, flow "broken down on propeller 
disk hut still sound at individual blade. 
c) angle of attack 90°, symmetrical flow form, 
large dead air space aft of propeller disk, "but 
flow still sound at individual blade. 



